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PREFACE
THERE are,two devices -which, can detect dr measure light

by electrical means, the selenium cell and the photoelectric
cell. Their history is curiously different. From its first dis-

covery, the change in the conductivity of selenium when
illuminated attracted 'the attention of the inventor rather

than of the theorist, to whom it long remained an isolated

fact of no special significance. The photoelectric effect, on
the other hand, is one of the corner stones of physical

theory; but until recently its practical potentialities were

entirely unrecognized outside the laboratory, and insuffici-

ently recognized within it. While the immense literature of

selenium is directed mainly to- its use, in the yet larger
literature of the photoelectric effect its use receives scant

attention.

The aim of this book is to redress the balance. Here we

propose to regard the photoelectric cell, not as an illustra-

tion .of important laws and theories, but as a laboratory or

workshop tool. That does not mean that our outlook will

be purely empirical, and that we shall offer nothing but a

collection of unrelated facts and recipes ;
for we hold that

experiment is a science as well as an art
;
but it does mean

that we shall consider principles and theories only in so far

as they bear upon practice.
Two difficulties immediately arise, one from the limita-

tions of our own knowledge, the other from that of our

readers. Practical treatises are seldom of much service unless

they are based on personal experience; we cannot pretend
to have immediate knowledge of all the devices we have to

describe. We have thought it wise, therefore, to devote

more space to problems and methods that we ourselves have
studied and used than to those we have not, hoping thereby
that what our exposition loses in width it will gain in depth.
On the other hand, we have tried at least to mention all the

larger problems and all the sound methods of which we have
been able to learn by search of published literature and

personal inquiry; and we have indicated where further
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information concerning them can be found. And here we
would explain that our notes do not constitute a bibliography ;

they make no pretence to give complete "references," or to

trace all ideas to their fountain-head in the manner which

(according to modern fashion) would be appropriate in a

scientific treatise. They are intended to supplement the text,

not to support it; the fuller the discussion in the text, the

less the need for notes.

Again, our readers possibly vary from professional phys-
icists to amateurs who know all about wireless. This diffi-

culty we have tried to surmount by adapting the treatment

of each topic to the class whom it is likely to interest. In

some places we have assumed much knowledge, in others

little; we can hardly hope that our guess at our readers'

need is always right, but no other course seems possible.

Lastly, we have to explain that we are editors rather than

authors of the book
;
for it could never have been written if

we had not been able to draw freely on the great and varied

knowledge of our colleagues. We would more particularly

express our thanks to the Director, Mr. C. C. Paterson, for

his leave to write on matters connected with our official work
;

to Miss M. K. Freeth who made most of the measurements

upon which Chapter IV is largely based; to Mr. G. H.

Wilson and Mr. T. M. C. Lance for reading the book in

manuscript and proof.
N. E. 0.

D. R.
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PHOTOELECTRIC
CELLS

PART I

THEORY OF PHOTOELECTRIC CELLS

CHAPTER I

A GENERAL SURVEY

The Fundamental Processes.

WHEN" light falls upon certain metals it causes them to emit

electrons, just as the filament of a thermionic valve emits

electrons when it is hot. The rate at which electrons are

'emitted is proportional to the amount of light. If the illu-

minated metal is the cathode of an electric circuit and some

neighbouring conductor the anode, a current will flow in the

circuit varying with the intensity of the light, just as a cur-

rent flows in the anode-filament circuit of a thermionic valve.

This emission of electrons under the influence of light

has been known, almost from its first discovery, as the

photoelectric effect. There are other electrical changes pro-
duced by light to which this term might have been applied
with equal propriety ;

and the denial of the term photoelec-

tric to devices (such as selenium cells) that use these other

changes cannot be justified etymologically or, perhaps, even

scientifically (cf . page 20) ; indeed, recently there has been

a tendency to give the term a wider meaning. But this

tendency is unfortunate. Other names are available for

devices which use other effects thus selenium cells might be

termed photo-conductive while no other has been invented

for those that we are about to consider. In this book, at

least, a photoelectric cell will always mean one in which

light produces an emission of electrons.

The photoelectric current carried by the emitted elec-

trons is very small, much smaller than that flowing in a

i
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thermionic valve. In a typical cell, with a window 3 cm.

in diameter, exposed to a 100 watt lamp at a distance of

20 cm., this current is about 1 microampere. Accordingly,
methods of amplifying photoelectric currents have always
received much attention. Methods in which the current is

amplified outside the cell, or at any rate by the introduc-

tion of electric circuits not essential to the cell, will concern

us later. But there is a method, by which the current can

be amplified within the cell, that is so closely associated

with the photoelectric effect that it must be noticed immedi-

ately. When electrons travel with sufficient speed through
a gas, they break the molecules that they encounter and
detach electrons from them; these electrons pass on with

the primary electrons and add to their number. This pro-
cess is known as ionization by collision. By filling with gas
the space between the cathode and the anode of a photo-
electric cell and applying comparatively large electric fields,

the number of electrons arriving at the anode can be made

very much greater than the number leaving the cathode;
the primary current due to the emission of electrons from
the cathode is greatly magnified. Cells in which the current

is thus magnified are called gas-filled cells, in distinction from
vacuum cells in which there is no magnification.
The merit of cells is often judged by the magnitude of

the current that they give when a prescribed amount of

light is incident on them. We shall see later that there are

often other considerations to be taken into account, which

may upset a judgment made on this ground alone. But the

three factors that determine this current are always impor-
tant : they are

1. The proportion of the incident light which falls on the

cathode.

2. The ratio of the primary photoelectric current to the

incident light.

3. The magnification by gas-filling.
The discussion of the last two factors will occupy most of

the first part of this book
;
but before entering into details, it

will be convenient to take a general survey of the whole field.

Perhaps the best way to do this is to examine various types of

cell that are being used at present, and to ask how their de-

sign has been influenced by these and by other minor factors.
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The frontispiece shows the general appearance of four

photoelectric cells that have been selected to illustrate the

Lead toguard

-Anode lead

Internal guard ring-
Silver coating on glas

l gua .

Wire wrapped round glass.

Cathode.-Sensitive metal
deposited on silver

coating on glass.

Unsilvered window,

*Anode-Nickel disc.

Cathode lead,

FIG. IA. TYPE A

Anode.- Nickel gauze
supported on ring.

Anode lead.

Cathode lead

Cathode.- Sensitive metal

deposited on silver

coating on glass,

FIG. IB. TYPE B

OF PHOTOELECTRIC CELLS

main principles involved. Fig. 1 (continued 011 pp. 5, Q, 7)
shows their internal construction, together with that of

some other cells not shown in the frontispiece.
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The Photoelectric Metals.

The second of our three factors is determined by the

material of the cathode. When the cell is to be used with

visible light (as distinguished from ultra-violet light), our

choice in this matter is closely limited; for there are only
seven metals known that are sensitive at all to such light.

They are sodium, potassium, rubidium, caesium, lithium,

strontium, barium. All these metals are highly reactive

chemically, and oxidize rapidly in the air. They must not

only be enclosed in a sealed vessel, but they must be pre-

pared in it; we cannot make our cathode in the open air

and then introduce it into the cell. The most convenient

method of preparing a clean surface of any material in a

sealed vessel is to introduce the material as vapour and to

condense it in the desired position. The first four of the

metals named can be distilled in glass vessels
;
the last three

cannot. This is the reason why so few "attempts have been
made to use them

; very few facts about their photoelectric

properties are available, and such as there are do not indi-

cate that they would be preferable to the first four
;
but the

real reason why they have not been used is the difficulty of

preparation.
The possibility of distillation has influenced the design of

the cell as well as the choice of metal. The metal is most

easily condensed on the wall' of the vessel, and the cathode
is usually a layer of the metal on the wall (as in types A
and J3). In order that the drops of condensed metal may
make good contact with each other and the lead to the

exterior, the layer is usually deposited on a film of silver

deposited chemically on the glass. But it is not necessary
that the cathode should be part of the exterior wall; by
careful treatment the metal can be condensed on a plate

supported away from the walls, while it is driven from the

walls by careful heating (as in types C and D). This point
needs rather closer consideration.

Although the bulk of the metal can be driven from the

wall of the vessel, and a window thus left for the entry of

light, a thin film of it always remains. This film is photo-

electrically sensitive, but, as it is very thin and deposited
on an insulating surface, it has a very high resistance, and
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is not. in good electrical connection with the lead to the
exterior. In types A, B, E, F, where the wall of the vessel

is .the cathode, the film,'covering the window is fully exposed

-Cathode lead

Lead to-internal

guard i

Lead to

gua

Cathode.- Nick-si

plate covered
with sensitive
metal.

-Internal guard ring

Anode (1)- Silver

/ coatingon glass.

Lead to 3portion's

ofanode.

. i . ..

:':-j.v ;:.;:

-A-node(Z)-
Nickel wire

gauze.

-Anode(&-Excess of
sensitive metal
on walls ofvessel,.

FIG-. Ic. TYPE

TYPE 03? PHOTOELECTBIC CELL

to the light, and is in partial, but not perfect, connection
with the cathode

;
it therefore makes an irregular contribu-

tion to the whole photoelectric current. But in types C and
D, the part of the film that is exposed to the light is con-

nected to the anode rather than to the cathode, and makes
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no contribution to the current. The only part of the glass

wall connected partially to the cathode is the small area form-

ing the insulation of the cathode support, and this part can

be shielded from the light. Types and D are, therefore,

slightly more regular in their action than types A and B.

But the presence of the thin film of the metal on parts

Cathode lead-

Cathode.- Nickel plate
covered with
sensitive metal.

Anode.-
Nickel ring

Cement, attaching quartz./ to glass.

Anode lead.

\

Quartz plate

FIG. IP. TYPE D

OF PHOTOELECTRIC CELL

of the cell other than the intended cathode has
_

two other

effects of, perhaps, more importance. The first is that the

cell will always give some photoelectric current even when

its connections are reversed; there will always be some of

the active metal on the electrode that is intended to be the

anode, and, if this electrode is made the cathode, a photo-

electric current will now when it is illuminated. If the anode

has a much smaller area than the cathode, as in all types

except G the reversed current will be small ;
but it is impor-

tant in some applications (cf . page 146). The second effect

is due to the conductivity of the film; there may be elec-

trical leakage across the surfaces of glass that are intended
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to insulate the electrodes from each other. This trouble is

more serious in some types of cell than in others
;
it is pro-

vided for, partially, by the insertion of guard rings, consisting
of rings of silver deposited on the glass and connected to

earth. Leakage from one electrode to the other is thus

prevented, but not leakage to earth.

'"Anode

/** *\-B&re Glass

-Anode

^Cathode

Centra/
Aperture

Cathode Material
on Silver Coating

Cathode Material
oh Silver Coating

. IE. TYPE E. FIG. IP. TYPE

TYPES on? PHOTOELECTRIC CELLS

Optical Problems.

We turn now to the first factor. If the cell is to be used
with diffused light, such as daylight, the amount of light
that will fall on the cathode is simply proportional to its

area, or to the area of the window, if this is smaller than
the cathode. The only way to increase the amount of light
is to make a very large cell. Cells with cathodes up to

500 sq. cm. in area have been used for daylight recording,
and in television when the object is scanned by a moving
point of light. But more often the light can be concen-

trated on the cell by lenses
;
then the area of the cathode
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and of the window are immaterial so long as they are large

enough to admit the whole of the beam. This is a very

important point ;
for there is a difference here between photo-

electric and selenium cells. In the selenium cell the effect

depends on the average intensity of the illumination, but

in the photoelectric cell it depends only on the whole amount
of light. So long as the light reaches the cathode, it makes

practically no difference how the light is distributed over the

cathode. Optical imperfections in the glass wall make no

difference so long as they do not deflect any part of the

light from the cathode ;
if they merely spread it out over the

cathode they will do good rather than harm.

On the other hand, of course, there must not be any

opaque objects between the window and the cathode ;
and

in particular the anode must not intervene, or, if it does

intervene, must be made of fine gauze which absorbs a very
small fraction of the light. On this ground a ring is gener-

ally preferred to the plate in type A ;
but a plate with its

edge turned to the light is unobjectionable. Again, if ultra-

violet light to which the glass is opaque is to be used, a

window of quartz must be provided through which the light
can enter (type D).

All this is obvious. The only two constructions interest-

ing from this point of view are types A and F. The cathode

reflects some of the light incident upon it. In all the cells

except type A, this reflected light leaves the cell and pro-
duces 110 further effect; but in this type, if the area of the

window is small compared with the whole area of the wall

forming the cathode, most of it falls again 011 another part
of the cathode and may produce a further photoelectric
effect. The principle involved is the same as that used in

making the "black-bodies
"
employed in the study of thermal

radiation, and cells of this type are sometimes called black-

body cells. However, for reasons that will appear presently,
cells of this type have no balance of advantage and are

disappearing from use, except for special purposes. Type F
was designed for picture-telegraphy ;

an intense spot of light
is concentrated on the picture through the central opening,
and the light diffusely reflected from it received by the annu-
lus. Here, again, the idea is ingenious, but is attended by
drawbacks which more than counterbalance its advantages.
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The Electric Field.
'

':"<\X

In a vacuum cell the shape and size of-, the

make no difference to the current vv-.l.;,-(i;
.'i

1:-";."

photoelectric omission; for if a strong enough electric field

is applied, all the electrons emitted can be dragged to the

anode. But in the gas-filled cell, where magnification has
to be produced by ionization by collision, the shape and size

are of considerable importance. We shall discuss their influ-

ence later
;
but we may anticipate the conclusions at which

we shall arrive by saying that cells in which the electric

field is comparatively uniform have certain advantages over

those in which it is much stronger in the neighbourhood of

the anode than in the neighbourhood of the cathode. Unless
the anode is very large compared with the cathode an

arrangement which presents difficulty on optical grounds
the two electrodes should be nearly of the same size and

approximate to parallel planes. From this point of view

type B has an advantage over type A, while type E, which
has great merits on constructional grounds, is intermediate.

Again, very small cells are disadvantageous, although they
are more convenient for many purposes ;

for example, when
they have to be fitted into a small space in a cinema pro-

jector for reproducing "talking films." The effect of the

size and shape of the cell ti))on the magnification obtainable

has not been studied very completely, and such conclusions

as have been established have not always been applied.
The tendency has usually been to design the cell to suit the

apparatus with which it is to be used, and if the utmost

sensitivity is not essential, this is doubtless the proper course ;

but if it is essential, the ceil must be designed first and the

apparatus adapted to fit it.

This general survey is intended primarily tOTmSoflfb.ce the

novice to facts and ideas, without which ho Wrald hardly
follow the more detailed discussions to which w must now
proceed; but it may possibly serve another purpose, if it

reminds the instructed reader how entangled are the prob-
lems of the photoelectric cell, and how impossible it is to

solve one of them without consideration of the others. We
shall now discuss in turn the two chief problems, the photo-
electric emission and the voltage characteristic ;

minor prob-
lems that have not been mentioned already will appear

2 (5619)
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incidentally. In Chapter VII we shall discuss the bearing
of our conclusions upon the choice of a photoelectric cell

suitable for various problems.

HISTORICAL NOTE

_
Though we are not here concerned with history, we may perhaps men-

tion
that_the photoelectric effect was discovered by Hallwachs in 1888. The

pioneers in its application to the measurement of visible light were Elster
and G-eitel; by 1905 they had established all the main principles, apart
from amplification by thermionic valves, but little use was made of their
work till much later.



CHAPTER II

THE PHOTOELECTRIC EFFECT

THE first of our problems may seem very simple. If the

primary current due to a given light is determined by the
metal forming the cathode, and if there are only four (or

possibly seven) metals that give any current at all, it is

surely easy to decide which of them is the best. But the

matter is much more complicated than it appears at first

sight ;
so complicated indeed, that, although the theoretical

importance of the photoelectric effect has led to a very
thorough investigation of the facts, those facts which are of

particular importance in the practical applications of the

effect are still not known completely, and, even when they
are known, are not completely explained. For this reason

we should, perhaps, be justified in ignoring the theory com-

pletely in a book concerned with the use of photoelectric
cells. But though theory cannot as yet resolve the complica-
tions, it does show why they exist; without it an under-

standing of the necessary limitations of photoelectric cells is

impossible. It will be worth while, therefore, to inquire

briefly how and why the incidence of light upon a metal

causes the emission of electrons from it.*

Electrons in Metals.

The electrons that form part of every material body are

retained within it by the attraction of the negative charges
that they bear for the positive charges residing on the atoms.

In non-metallic bodies (electrical insulators), each electron

is more or less fixed in position and bound to certain atoms
;

* There are two good English textbooks on photoelectricity : H. S. Allen,

Photoelectricity, the Liberation of Electrons by Light (Longmans, 1925);
A. L. Hughes, Photoelectricity (Cambridge University Press, 1914). The
latest comprehensive work is by B. Gudden, Lichtelaktrische JSrscheinungen

(Julius Springer, Berlin, 1928). It contains a bibliography up to 1927,

which is complete on the theoretical side but does not pretend to cover

the practical side completely.
To these works the reader is referred for all the facts of theoretical

rather than practical interest which are omitted in this and the succeeding

chapters.

11
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in metallic bodies (electrical conductors), some of the elec-

trons are free; they are not attached to particular atoms,
but wander throughout the interior of the metal. Their

wanderings are closely restrained only when they approach
the boundary of the metal. Here the attraction of the atoms
within the boundary is not balanced by an attraction of

atoms outside it, and the electrons cannot pass through the

boundary, unless they approach it with a speed and a kinetic

energy sufficient to carry them out against the unbalanced
attraction. But if an electron approaches with a sufficient

energy, then it can break through the boundary and wander
free again in the space beyond. Electrons in a metal are

thus somewhat similar to marbles in a soup-plate. So long
as the marbles roll about the bottom of the plate they are

free
;
and .they are free again if they escape from the plate

and roll about the table. But they cannot escape from the

plate unless they acquire sufficient speed and energy to climb
the rim against their own weight and fall down on the outer

side.

The energy that an electron must possess in order that it

may break through the boundary of a metal into an empty
space beyond, or, in our analogy, the height of the rim of

the soup-plate, is a definite characteristic of the metal, the
same for all specimens of the same chemically pure metal,
but different for different metals. It is called the "work
function"

;
it is usually denoted by q>

and expressed in volts.

.For any charged body, bearing a charge e, in moving between
two points between which there is a difference of potential
of V volts, acquires a kinetic energy eV. The charge e on

every electron is the same; consequently, every electron

acquires the same energy in falling through the same voltage,
and in order to specify the energy that an electron possesses,
it is sufficient to specify the voltage through which it would
have had to fall in order to acquire that energy. In the

following list the column headed by (p gives the work-func-
tions in volts of a few metals; the meaning of the third
column will be explained presently (page 16). It will be seen
that the range of possible values of the work function is

comparatively small; no metal has a value larger than
that of platinum, and none a value smaller than that of

caesium.
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TABLE I

13

(It will bs explained in Chapter III that a certain ambiguity attaches
to all these values.)

The Emission of Electrons.

There are two ways in which, the electrons may acquire

energy greater than the work function, and thus become
able to emerge through the surface of the metal. First, they

may acquire it from the heat energy of the atoms. The laws

governing the relation between the energies of the electrons

and the temperature of the metal in which they are con-

tained are very complicated much more complicated than
was imagined a few years ago. We need not discuss them
in detail : it is sufficient for us to note that at any tempera-
ture the energies of the individual electrons vary over a very
wide range, and that the proportion of them having at any
moment energy above any assigned limit (and, in particu-

lar, above the work function) increases rapidly with the

temperature. Even at room temperatures an electron must

occasionally acquire enough heat energy to enable it to

emerge, even from a metal with a large work function, such

as tungsten; but the number that acquire such energy in

any reasonable time is so small that it is impossible to

detect their emergence experimentally. At high tempera-
tures, 011 the other hand, the rate at which electrons acquire
such energy is very much greater ; although the mean energy
of all the electrons in the metal may be very much less than
the work function, the proportion of them that have a

greater energy at any moment is sufficient to produce an

appreciable flow of electrons from the metal. This now,

increasing rapidly as the temperature is raised and, at a

given temperature, much greater from a metal of low work
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function than from one of high work function, is the ther-

mionic emission upon which the action of all thermionic

valves depends.
Second, the electrons may receive energy from the radia-

tion of which visible light is one special form. It is hardly

necessary to explain nowadays that there is an essential

similarity between all the forms of radiation known as wire-

less (long and short wave), heat (or infra-red) radiation,

visible light, ultra-violet light, X-rays, y-rays, cosmic rays :

they are all waves, and waves of the same kind, differing

only in their wavelength, which decreases along the series

from many kilometres at one end to billionths of a centi-

metre at the other. Visible light is merely the form of

radiation to which our eyes happen to be sensitive, and all

eyes are not sensitive over exactly the same range ;
the dis-

tinction between light and other radiation is physiological,
not physical, and in what follows the word light must be

interpreted to include all of them, unless the qualification
visible is added.

When electrons receive energy from a source emitting
a discontinuous spectrum, consisting of light of a single

wavelength, or a finite number of separate wavelengths,
the law governing the amount of energy that they acquire
is extremely simple. Light of a single wavelength, emitted

by such a source, is always derived from electrons in the

source which lose energy in emitting the light ;
and the

character of the light is determined by the energy lost in

emitting it. The law is that each electron in the metal that

acquires energy from the source receives precisely the amount
of energy which was lost by the electron in the source when
the light was emitted. If the source emits a continuous

spectrum, it is impossible to associate any particular part of

that spectrum with the loss of energy of a particular electron
;

but the character of the spectrum is still determined by the

losses of the electrons of the source as a whole, and these

losses are reproduced statistically in the gains of the elec-

trons of the recipient; if electrons in the source lose an

energy Wt twice as often as an energy W%, then the electrons

in the recipient will gain Wl twice as often as Wz .

The law is .so simple that if, in dealing with optical prob-
lems, we were interested in nothing but changes of energy,
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we should never use the conception of light at all. There
would be no object in introducing an agency to take energy
from the emitting electron and give it to the receiving elec-

tron; we should simply say that the energy is transferred

unaltered from the electron in the source to the electron in

the recipient, and should never think of inquiring why it is

so transferred. Further, we should know nothing about

wavelengths; the character of light would be determined

wholly by the loss of energy associated with its emission

and the gain associated with its absorption. But when we
come to consider, not merely how much energy is trans-

ferred, but also the spatial and temporal relations that

must subsist between the source and the recipient, if one
is to receive energy from the other, then we are forced to

introduce the idea of an agency travelling along a definite

path with a definite velocity and possessing a definite

wavelength.
The laws determining the path by which energy travels

are quite distinct from those determining how much energy
is transferred; indeed, it has been the greatest problem of

physics for the past twenty years to reconcile them. Even
now, when the problem is nearly solved, there is still some-

thing anomalous in formulating one set of laws in terms

derived from the other; and any explanation of why both

sets are true is out of the question. Light is simply a name
for the agency that transfers energy from one set of elec-

trons to another in a certain way; the photoelectric effect

is the primary and fundamental effect of light, and all others

are secondary ;
it is meaningless to inquire why light exerts

that effect, and why energy is always transferred by light

in bundles or quantums of finite size. We should not ask

how photoelectric cells can detect the light which the eye
(.van see

;
we should ask rather how the photoelectric effect,

displayed in its simplest form by the cell, can determine a

process as complicated as vision.

The Threshold.

Fortunately, the law of the transference of energy, when
stated in terms of wavelengths, is still very simple. If an

electron acquires energy from light of wavelength /I (whether
this light is part of a discontinuous spectrum or of a
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continuous spectrum resolved by a prism or grating), then

it acquires an amount of energy EX, given by

(1)

when EX is measured (as usual) in volts and A in m/u (1 nip,

= 10- 7
cm.).

The following table gives a few wavelengths throughout
the visible spectrum, together with the colours of the light

to which they correspond roughly ;
the third column gives

the corresponding value of EX which will be called the

"quantum voltage" calculated from (1).

TABLE II

In order that light shall liberate electrons from a metal,
that is to say, in order that it shall produce the photoelec-
tric effect in that metal, the energy received by the electrons

from the light must be greater than that which enables

them to emerge. The wavelength of the light and the nature
of the metal must be such that the quantum voltage of the

light is greater than the work function of the metal
; EX in

Table II corresponding to the wavelength must be greater
than (p in Table I corresponding to the metal. The wave-

length such that the corresponding quantum voltage is equal
to the work function of the metal is called the photoelectric
threshold of the metal, and denoted by A

; since the quan-
tum voltage increases as the wavelength decreases, the condi-

tion that there should be a photoelectric effect at all is that
the wavelength of the light shall be less than the threshold
of the metal. This may be called the first law of photoelec-

tricity. The last column in Table I gives the threshold for

the metals named therein. It appears at once that visible
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light will produce no photoelectric effect in platinum, tung-
sten, or cadmium; for the thresholds of these metals are

less than the wavelength of any visible light. On the other

hand, the thresholds of the alkali metals, caesium, rubi-

dium, potassium, sodium, all lie in the visible spectrum (or
on the infra-red side of it), and all these metals will show a

photoelectric effect with some visible light.

The thresholds of most other metals, none of which is

known to have a work function greater than 10 volts, lie

in the region of ultra-violet light, which is usually taken to

extend from 400 to 100 m/u. X-rays and y-rays, which have
still shorter wavelengths, produce the photoelectric effect,

not only in all metals, but also in other solids and in gases,
the work functions of which are even greater. Radiation of

wavelength much longer than that of visible light produces
no photoelectric effect.

If the quantum voltage of the light is greater than the

work function of the metal, that is, if the wavelength is

shorter than the threshold, the electron acquires more energy
than is required for its emergence. The excess appears as

kinetic energy of the electron after emergence. Accordingly,
the speed of the electrons emergent from any metal increases

as the wavelength of the light decreases. With visible light
it can never be greater than that corresponding to an energy
of a few volts

; but with X-rays it amounts to thousands,
and with y-rays to millions, of volts.

The Magnitude of the Photoelectric Current.

Having decided in what conditions light will produce a

photoelectric emission at all, we have now to inquire how

great an emission it will produce. If every electron that

took up energy from the light emerged from the metal, the

answer to this question would be simple, at least for mono-
chromatic light ;

we should simply have to divide the energy
absorbed from the light by the energy taken by each elec-

tron, and the result would be the number emerging. But
this hypothesis is very far from true. Even if an electron

just below the surface takes up energy greater than the

work function, it will not necessarily emerge ;
for its motion

may be carrying it into the metal rather than out of it, or

so as to make a glancing rather than a direct impact on the
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boundary. The work function is not the energy that causes

every electron to emerge no amount of energy could secure

that; it is the amount that enables the most favourably
placed electron to emerge. Again radiation penetrates a

finite distance into even the most opaque metals
;
the elec-

trons receiving energy below the surface have to thread their

way through many layers of atoms before they emerge, and
in so doing they will lose much or all of their energy, even

though they are not bound to the atoms. In the most favour-

able circumstances by far the greater part of the energy is

absorbed by electrons that never emerge at all
;
this energy

is ultimately communicated to the atoms and heats the

metal. Lastly, if we are asking what emission is produced
by a given amount of incident light, we must remember
that some of the light will be reflected and will not be

absorbed permanently by the electrons at all.

Accordingly, a calculation of the relation between photo-
electric emission and intensity of incident light would have
to take into account the penetration of the light into the

metal, its reflection by it, and the loss of energy of the elec-

trons in colliding with atoms. We do not know these factors

sufficiently to make the calculation; and if we did, it is

certain that the relation that would result from it would be

extremely complicated.
But there is one simple law that follows directly from the

theory of the photoelectric effect. Since each electron reacts

effectively with a single electron in the source, the effects of

several sources acting at the same time are independent and
additive. If source A, acting alone, produce the emergence
of a electrons per second, and source B, acting alone, the

emergence of b electrons per second, then A and B acting

concurrently will produce the emergence of a -\- b electrons

per second. That law is accurately and universally true,

though this warning is necessary it may not be true of

the currents that result from the emergence.
It has a very important consequence when we are con-

cerned always 'With light of the same quality but different

quantity. There are several ways (which we shall discuss

presently) of defining quantity of light, but they all agree
in two points : the photoelectric emission produced by two
beams of the same quality and quantity is the same, and
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the quantity of light in n similar beams is n times that in

any one of them. It follows immediately that, if the quality
is unchanged and the quantity alone varies, the rate at which
electrons are emitted is proportional to the quantity of the

light. This we shall call the second law of photoelectricity;
it is accurately true; again a warning against misinterpre-

tating it must be given.

Some Minor Points.

Although this chapter can offer nothing but the barest
sketch of photoelectric theory, it would not be wise to leave

wholly unmentioned some vagueness or even inconsistencies

which the careful reader will have noticed. First, the second
law follows strictly from the theory only if the light is mono-
chromatic and is part of a discontinuous spectrum ;

for it is

only then that the electron in the metal reacts with a single
electron in the source. Nevertheless, it is true whatever the

source
;
in photoelectricity the nature of the source is always

immaterial, so long as the nature of the radiation is the
same.

Next, a comparison of the accounts of thermionic and

photoelectric emission might suggest that the threshold

ought to depend on the temperature, and move to longer

wavelengths at higher temperatures. As a matter of fact,
the photoelectric effect is almost wholly independent of the

temperature until temperatures are reached at which it is

masked by thermionic emission; the variations at lower

temperatures that have been reported (none are certainly

established) are not of the kind that this argument would

suggest, and are quite unimportant experimentally.* This

independence of temperature was a puzzling mystery for a

long time, and has only recently been explained. Briefly,
the reason is that the electrons of which the energy varies

with the temperature form a very small fraction of the
whole at low temperatures ;

most of the electrons have an

energy independent of temperature and nearly the same for

all; the thermionic electrons are drawn from the small

* See H. E. Ives, Journ. Opt, Soc., America, viii, 551 (1924). H. E. Ives
and A. L. Johnsrud, Journ. Opt. Soc., America, xi, 565 (1925). J. W.
Hornbeck, Pliys. Rev., xxiv, 631 (1924). B. C. Bttrt, Phil. Mag., xlix, 1 168

(1925); Pkyn. Re.v., xxiii, 774 (1924); and Phys. Rev., xxiv, 207 (1924).
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number with, energies varying about a mean that increases

with temperature; the photoelectric electrons from those

with constant energy. But the presence of the thermionic

electrons does affect the threshold to a small extent; the

threshold is not perfectly sharp ;
the emission does not stop

perfectly sharply at a certain wavelength, but falls off ex-

tremely rapidly but asympotically (see page 29). In the

region where this rapid falling off occurs there is probably
some dependence on temperature even when the thermionic

emission is wholly inappreciable ;
but there the whole effect

is so small that the change cannot easily be detected.

Finally, a word may be added about the photoelectric
effect in non-metals. From the surface of these, and from
their interior, radiation of sufficiently short wavelength can

eject electrons
;
but since they are bad conductors, a current

to a neighbouring electrode is not easily established. The
effect of the radiation appears as an increase of conductivity
of the material rather than as a current flowing from it.

This is the ultimate principle of selenium and other photo-

conductivity devices
;
but the primary action of light is com-

plicated by many secondary changes that have not yet been

disentangled completely.* Another electric action due to

light, which may have practical uses, is a difference of poten-
tial arising between electrodes immersed in certain liquids
when one is illuminated and the other not; here too the
ultimate explanation must lie in the greater energy of the
electrons on which the light falls. In fact, all actions of

light, whether apparently electrical or not, must ultimately
be due to the photoelectric effect, if they involve in any
way the transference of energy from radiation to matter;
for the acquirement of energy by electrons, subject to the
laws that we have discussed, is the only manner in which
the transference can take place.

* Our present knowledge of photo-conduction is largely due to tho
work of Gudden and Polil; it is summarized well in Gudden's book
mentioned in the note on page 11.



CHAPTER III

PHOTOELECTRIC EMISSION

Definition of Emission.

THE first and second laws enunciated in the previous chapter
are the only contributions that pure theory can make at

present to the practical problem of determining the relation

of the primary photoelectric current to the light that pro-
duces it. The rest we must obtain from laws that are still

wholly or partly empirical. But we may usefully employ
the theoretical laws in stating the empirical laws. Thus,
with the help of the second law, we may eliminate at once
the quantity of the light from our consideration; for the

law states that the ratio of the current to the quantity of

light is independent of the quantity and dependent only
on the quality; we shall concentrate our attention on the

quality of the light by stating all the facts in terms of this

ratio.

It is sometimes called the sensitivity of the cathode, for light
of the quality concerned, and sometimes its efficiency ;

the

first word is needed for another purpose, and the second is

badly overworked already. Accordingly, we shall term the

ratio of the primary photoelectric current to the quantity
of light producing it the photoelectric emission, or simply the

emission; it depends on the quality of the light and the

nature of the cathode.

But our definition of the emission is not yet complete;
for the term quantity of light is ambiguous. The quantity
is sometimes measured by the power conveyed by the light

(i.e. the rate at which it gives energy to a body that absorbs

it totally), sometimes by the brightness, estimated visually,
that it produces on a given surface on which it falls

;
and

there are other alternatives of less importance. It is cus-

tomary to adopt the first alternative, and to define the

emission as the ratio of the photoelectric current from
a given cathode to the power of the radiation of given

21
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quality that produces it.* The basis of the custom is or was

theoretical
;
it was expected that this definition would enable

the experimental laws to be related to theory more simply
than any other. It is not the definition that would suggest
itself immediately to the user of photoelectric cells. For in

practice the power of light and its quality are not indepen-
dent variables, and equality in respect of power alone does

not constitute equivalence in respect of any of the common
uses of radiation. When we want to know how the current

will vary with the voltage applied to an incandescent lamp,
or in which of two cells the current is most nearly propor-
tional to the visual intensity, independent of colour, a know-

ledge of the emission alone will not suffice; to answer the

first question we must know also the radiative properties of

tungsten ;
to answer the second we must know also the

visibility curve of light. If photoelectric cells were confined

to one particular use, some other method of characterizing

quantity of light would certainly be preferable ; but, as there

is no other method that is any better suited to all of their

manifold uses, translation of the facts will always be required
for all uses but one, however they are expressed. The cus-

tomary definition has the practical advantage that it pro-
vides a common language from which translation into the

language appropriate to any particular use can be made
with the help of existing data, for in all studies of radiation

the energy or power is one of the magnitudes measured.

We shall therefore adopt it, with a warning that the expres-
sion of the facts by means of it is sometimes misleading at

a first glance ;
later some of the facts will be stated again in

a manner adapted to particular uses.

Incident and Absorbed Light.

But there is another ambiguity. The photoelectric current

from a given cathode is not determined simply by the power
and the quality of the incident radiation; it depends also

on the mode of its incidence on the cathode. If by quantity
of light we mean quantity of incident light, we must be pre-

* The usual practice is to express the emission thus defined in coulombs

per calorie, or coulombs por erg. Wo prefer to express it in amperes per
watt, partly because thermionic emissions arc expressed in amperes per
watt, and partly because the units are more familiar. 1 ampere per watt
= 4-2 coulombs per calorie == 10~ 7 coulombs per erg.
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pared to recognize that the quality of the light depends on
its mode of incidence. In theoretical treatises the complica-
tion is met by defining the emission as the ratio of the
current to the power of the radiation absorbed by the

cathode, not to the power incident upon it. For in many
circumstances the variations of the current with the mode
of incidence are merely due to the variation of the reflecting

power of the cathode; more current is obtained when the

light is incident normally than when it is incident obliquely,
because more light is absorbed and less reflected; if only
light absorbed is reckoned in estimating the emission, then
the emission is independent of the incidence. If this law were

always true, and if perfect black-body cells (see page 8) were

always used, this definition would also be useful practically.
For if all the light incident on the window of a cell is absorbed
at the surface of the cathode, and if the current is determined

simply by the light absorbed, independently of how it is

incident, then in such a cell the emission, estimated 'on the

basis of light absorbed, would determine completely the cur-

rent due to a given beam of light incident on the window.
But such cells, are not always used, and the law is not always
true

; moreover, the law fails for just those cathodes that are

most important experimentally.
For practical purposes, therefore, we must define the emis-

sion in terms of the light incident on the cathode, or on the

window of the cell, if this is smaller than the cathode
;
the

emission will then be dependent on the mode of incidence.

Even if we knew completely the relation between the emis-
sion and the angle of incidence of a parallel beam of light
on a plane surface, it would be almost impossible to calculate

from that relation the emission in any particular cell in any
particular beam ;

for cathodes are not usually geometrically

plane, and the light thrown on them is not usually a parallel
beam

;
in practice it would still be necessary to measure the

emission separately for each particular case. But, fortun-

ately, the emission for actual cathodes does not vary very
greatly with the mode of incidence

; they have usually matt
and not polished surfaces, so that the angle of incidence of

a parallel beam varies widely over a small area, even if it

is geometrically plane. The distribution of the varying
angles of incidence on the differently inclined elements of
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the matt surface does not change very greatly with the

angle at which the light would be incident if the surface

were optically plane, and it is found experimentally that

changing the mode of incidence of the light on the cell

within reasonable limits does not generally change the

photoelectric current in a ratio of more than 2 to 1 so long
as all the light reaches the cathode. Since, as we shall see,

variations in the emission as great as this arise from circum-

stances even more difficult to control, it is permissible for

our purposes to neglect the effect of the mode of incidence

and to regard the emission, or the ratio of primary current

to incident energy, as a characteristic of the cathode inde-

pendent of the geometrical form of the cell and the way the

light enters it.

But should not one exception be made, namely, the

"black-body" cell in which light incident on one part of

the cathode is reflected to another ? If the reasons for which
this type of cell was originally introduced proved in fact to

be valid, the exception would have to be made
;
for it was

expected that repeated reflections would increase greatly
the primary photoelectric current due to a given beam of

light. But these expectations are not fulfilled. It is difficult

to estimate with any precision the increase in the primary
current that results from adopting the "black-body" con-

struction, because a change in the form of a cell may lead

to changes in the nature of the cathode surface
;
when cells

of different geometrical form are compared it is never cer-

tain that there is no difference in anything but form. But
the comparison of many cells of widely different forms does

not indicate that the primary current from cells of type A
exceeds that from cells of other types receiving the same
beam of light, or that there is any consistent difference in

the relation between emission and wavelength.

Probably the reason is that the cathode absorbs strongly
the light which excites the greater part of the current, so

that the only light which suffers repeated reflections is that

which has little photoelectric effect. The matter needs fur-

ther exploration, but the facts are sufficient to show that

for our particular purpose it is unnecessary to make a dis-

tinction between black-body cells and others, at least when
visible light is used.
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Variation of Emission with Wavelength.

The emission then is to be defined as the ratio of the

primary current to the power carried by the beam of light
that reaches the cathode. It varies with the quality of the

light and, in particular with the wavelength ; a(l] denotes

the emission for homogeneous light of a single wavelength A ;

we have to inquire how cr(A) varies with 1.

Some general laws concerning the variation of cr(A) with
A are shown diagrammatically in Fig. 2; it does not refer

to any particular cathode, and only shows the orders of the

magnitudes concerned. For most metals <r(A) is given by a

curve similar to A, decreasing as the wavelength increases.

Such a curve, taken alone, does not suggest the existence of

a definite threshold at which the emission becomes definitely
zero

; and, indeed, it is impossible to define the threshold

precisely by measurement of the emission. Its position is

usually determined either by working with a continuous

spectrum and extrapolating an approximately linear part
of the curve as it approaches the axis, or by working with
a discontinuous spectrum and noting the last line for which
some current can be detected. Indeed, evidence for the

existence of a definite threshold is theoretical rather than

experimental. It is confirmed by measurements of the

initial velocity of the electrons, which are not of sufficient

importance for our immediate purpose to require mention
here

; but, because it is so difficult to fix experimentally, and
for another reason that will appear presently, all values

assigned to thresholds (e.g. those of Table I) are subject to

considerable uncertainty.
Curve A cannot rise indefinitely to the left; for there is

a definite value that the emission cannot exceed, namely,
that attained when every electron taking energy from the

light emerges and contributes to the saturation current.

According to (1), each electron takes an amount of energy

1234/A volts, or 1234e//l watt-seconds, where e is the charge
on an electron in coulombs; consequently, if light carry-

ing power W is completely absorbed for a time t, n =
TFiU/1234e electrons must take energy from it. If all of

these emerge, they will give a primary current i ns/t

amp.; <r(A)
= i/W will be A/1234 amp. per watt. This

3 (5619)
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maximum possible value of a(X] decreases with A as shown
at the top of Fig. 2

;
the curve of cr(A) cannot rise beyond its
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FIG. 2. TYPICAL EMISSION CUBVES

intersection with this line. Probably it never rises n
far

;
but its maximum lies in the region between ultra-violet

and X-rays, which is peculiarly inaccessible experimentally,
and has never been traced

;
in the region of ordinary X-rays,
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the maximum has been passed, and o-(A) decreases with A.

In the region shown in Fig. 2, with which we are concerned,

very few absolute measurements have been made; most

experimenters content themselves with determining the rela-

tive values of a(h) for different wavelengths ;
but no value

as great as 1 per cent of the maximum possible seems to

have been recorded when the curve is of form A, so that no

question of an approach to the maximum arises.

But though curve A is characteristic of most metals, it

is not characteristic of those of greatest photoelectric im-

portance. Metals of which the threshold lies in the visible

or infra-red give curves 'of form B, in which a relatively
enormous hump is imposed at one part on the steady fall

with increasing wavelength; at the peak of this hump the

emission may be as much as 3 per cent of the theoretical

maximum. The presence and magnitude of this hump de-

pend intimately on the mode of incidence of the light. It

is completely absent if the surface of the cathode is optically

plane and the light is incident normally, or if the light is

incident obliquely, but is plane-polarized with the electric

vector parallel to the surface
;
it appears only if the electric

vector has a component perpendicular to the surface. (The
electric vector is parallel to the short diagonal of a Nicol

prism which transmits the polarized light.) Moreover, though
similar changes of the emission with the angle of incidence

and state of polarization occur with metals that give curves

of form A, and outside the hump of those which give form

B, these changes are, as we saw, associated with changes in

the reflecting power ;
the emission, reckoned on the basis of

power absorbed, is independent of the mode of incidence.

But within the hump the changes cannot be accounted for

wholly thus; they persist even when emission is reckoned

on the basis of absorbed power.

Accordingly, there is a difference in kind and not merely
in degree between emission within the hump and emission

outside it or in its absence; the former is said to be "selec-

tive" (since it only occurs within a narrow range of wave-

lengths), the latter "normal." The particular feature that

is used to distinguish these two kinds of emission, namely,
the effect of the plane of polarization, is not of practical

importance ;
for when the surface of the cathode is matt and
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not optically plane, the electric vector of the light always
has a component perpendicular to the surface, whatever the

nominal angle of incidence or the state of polarization ;
the

hump is always present if the metal is one capable of selec-

tive emission at all, and curves of form B are as definitely
characteristic of some cathodes as curves of form A are of

others. In the use of photoelectric cells it is not necessary
to know whether the emission that is being used is normal
or selective

;
but actually, when visible light is employed,

it always is largely selective. For it is only within the

humps of curves of form B that the emission of any metal
under visible light is large enough to be practically useful ;

if we confined ourselves to normal emission and some
difficulties would be avoided if we could do so we should
have also to confine ourselves to ultra-violet light.

Variation of Emission with the Cathode.

Such are the general laws of the variation of a(X) with
the quality of the light. There are also some general laws
of its variation with the nature of the cathode. The thresholds

of metals that are highly reactive chemically lie generally
on the red side of the thresholds of relatively inert metals.

Among metals that give only normal emission,, it appears
(but the evidence is very incomplete) that the curves relating

cr(/l) and /I seldom cross each other, so that the metal with
the greater threshold (i.e. threshold at the greater wave-

length) has the higher emission at all less wavelengths
within the bounds of Fig. 2. As we pass from one "normal"
metal to another, the curve of a(2.) moves parallel to the

horizontal axis nearly unchanged in form
; though the thres-

hold cannot be determined precisely, it has experimental as

well as theoretical importance, because it fixes the position
of the whole curve. Among metals with selective emission,
the peak of the hump moves generally with the threshold,
and lies at longer wavelengths for the metal with the greater
threshold

;
the change from one metal to another again pro-

duces a shift of tKe whole cr(A) curve
;
but there is also a

change of form. This is illustrated in Fig. 3, which repre-
sents the emission of certain cathodes of the alkali metals,
sodium (Na), potassium (K), rubidium -(Kb), and caesium

(Cs) ;
these are named in the order of increasing chemical
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greater threshold may have a lower emission at shorter

wavelengths ;
the emission is no longer fixed completely by

the threshold.
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ESect of Gas Films.

But all such general laws are greatly complicated by a

circumstance to which, close attention must be paid. The

photoelectric effect is a .surface effect, and the emission from
a cathode is not determined merely by the chemical nature

of the metal forming the bulk of it, but is modified pro-

foundly by the condition of its surface. In particular, all

solid surfaces, even in the best vacuum that can be pro-
duced, are covered with a layer of adherent gas, unless

extremely rigorous measures have been taken to remove it
;

the emission depends quite as much on the nature of this

layer, which may be only a few atoms thick, as on the
nature of the substance to which it adheres. The emissions
of Fig. 3 are not those of perfectly clean surfaces of the
metals named; they are those of the metals covered with
such adherent layers as are likely to form when the metals
are .prepared by one particular method ("sensitization," see

page 34) ;
if the same metals were made into cathodes by

some other process, the emission might be greatly changed.
This effect of adherent gas is the subject of an enormous

literature, but the facts are by no means yet beyond dispute.A great part of the outstanding discrepancies between the
results of different experimenters doubtless arises from differ-
ences in the nature of the gas layers with which they have
dealt. For it is very difficult to control the layers or to
ascertain their exact nature. Experiments on this matter
usually consist in removing the layers by long-continued
heating or by repeated distillation in a very high vacuum
or by exposing the uncontaminated interior by scraping, and
in noting the resulting change in the emission; it is never
certain that the layer has been removed and not replaced
by another, and, if it were, the nature of the removed layer
would still be doubtful. But two facts seem to be clearly
established. First, the removal of the layers ordinarily ad-
herent to chemically clean surfaces of metals giving normal
emission decreases the threshold and with it the emission
throughout the ultra-violet region; by sufficiently drastic
treatment such rnetals can be made almost completely in-
sensitive within the range of Fig. 2. Second, the selective
emission from the alkali metals can be abolished entirely by
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the removal of gas ;
the threshold is not greatly changed,

but the abolition of the selective emission makes them prac-
tically insensitive to visible light ; possibly an even more
complete removal would decrease the threshold.

The presence of adherent gases is, therefore, not harmful
as might seem likely at first sight, but highly beneficial.

Most of the activity of almost all the metals used in photo-
electric cells, within the spectral range for which they are

intended, is due to the presence of gas films on their sur-

face; if perfectly clean surfaces of chemically pure metal
could be produced they would be worthless for practical

purposes. It is not known whether all gases are beneficial
;

but if they are not, it must be regarded as a fortunate

coincidence that the gas which adheres when cathodes are

prepared by convenient processes (such as distillation of the

metal in an evacuated vessel) is of the beneficial kind. On
the other hand, it is not wholly fortunate that adherent

gases are required at all. For though the complete removal
of gas is a troublesome and laborious business, it would at

least lead to the same result every time
;
if this were our ideal,

photoelectric cells might be expensive, but they would be
uniform. But when some gas has to be left adherent, it is

impossible to ensure that the gas left is the same in every
cell

;
cells prepared by apparently the same process cannot

be expected to have exactly the same emission.

And there are, in fact, very considerable differences be-

tween such cells, as has been hinted already. Pig. 4 shows
the emission curves of a batch of 8 cells (sensitized potassium)

prepared in exactly the same way ;
their emissions for the

same wavelength sometimes differ by as much as 2 to 1,

even in the neighbourhood of maximum emission. Never-

theless, there are marked regularities. The wavelength at

which the emission is a maximum varies little
;
the relative

variation is least on the short wavelength side, and greatest
in the neighbourhood of the threshold. In general, the differ-

ence between cells intended to be similar is not so great as

to mask the difference between those intended to be dis-

similar. The regular change in the emission curve through-
out the series of alkali metals, shown in Fig. 3, is not entirely

delusive. If the curves for a large number of cells of each

metal had been included in that figure, the change from one.
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metal to another would have been partially obscured, but

certainly not entirely, especially if the cells were all of the

same form and were prepared in the same manner so far

as the varying properties of the metals permit. We cannot

speak accurately of the emission of (e.g.) potassium, but we
can speak reasonably of the, average emission of a group of

400 4-50 500 550

FIG. 4. EMISSION CURVES OP EIGHT SIMILAR CELLS

cells containing that metal prepared in a certain manner,
and distinguish it from the average emission of cells con-

taining other metals, On the other hand, small changes in
the form or method of preparation will induce surprisingly
large variations in the average result.

Sensitized Metals.

The gas that we have considered so far is that which
adheres naturally to the metal in the course of the
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construction of the cell. The question naturally arises whether

by introducing a small quantity of suitable gas intentionally
we cannot improve the emission. No useful process exactly

FIG. 5. CHANGE IN EMISSION Dins TO " SENSITIZATION

of this nature seems to be known ;
the introduction of a small

quantity of oxygen or water vapour into cells containing

potassium (and probably other alkali metals) increases tem-

porarily their emission at the longer wavelengths, but the

effect decays, probably owing to diffusion of the gas into

the interior of the metals, and leaves little permanent change.
But a process is widely employed that probably derives part
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at least of its virtue from the formation of a gas film. Sur-

faces of potassium are usually "sensitized" by filling the

cell with, hydrogen at a pressure of a few millimetres, and

passing an electric discharge for about a minute through the

gas with the potassium as cathode. The result is to shift

towards longer wavelengths the threshold and the wave-

length of the maximum of the selective effect, and to increase

the emission generally. Fig. 5 shows the change in one

experiment. Changes of the same nature are produced by
the same process in the other alkali metals, though not so

far as is known in metals of other groups ;
but the magni-

tude of the changes decreases generally as we pass from
sodium to caesium. The conditions for the maximum change
have to be ascertained for each cell, but there are wide
limits within which alteration of the pressure of the gas,
and of the duration, and of the current carried by the dis-

charge, make little difference. The exact effect of the pro-
cess is not known

;
it has been variously interpreted as the

formation of a hydride of potassium and of a colloidal

modification. The first interpretation is certainly wrong,
although cells treated in this manner are still often called

potassium hydride cells
;
the second dates from a time when

the great influence of gas layers was not known. Part of

the change is probably optical ;
for the colour of the surface

is changed and its absorption of light increases
;
the surface

becomes bluish in place of silvery or (if the metal has been

deposited from vapour and is finely divided) pure grey. But
part is almost certainly due to the formation of a surface

layer of hydrogen.

Thin Films of Photoelectric Metals.

Quite recently a new method of using the alkali metals
to produce photoelectric cathodes has been introduced, which

may in time replace all existing methods.* It depends again
on the fact that the photoelectric emission is a surface and

* Work on the photoelectric properties of thin films of the alkali metals
was started by H. E. Ives, Astrophys. Joum., Ix, 209 and 231, 1924;
Ixii, 309, 1925; Ixiv, 128, 1926. Journ. Opt. Soc., America, xii, 486, 1926.
For thair practical application see L. R. Roller, General JSlectric Review,
xxxi, 476, 1928; and N. R. Campbell, Phil. Mag., vi, G33, 1928. A paper
on caesium films by K. T. Bainbridge is -promised by Koller, but had not
appeared in time for mention here.
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not a bulk effect. We noted in Chapter I that glass exposed
to the vapours of the alkali metals becomes coated with a

Potassium,

[thick layer ,

xJO~
4

l (sensitized)
20

400 800

6. EMISSION oir THIN FILMS QTF POTASSIUM

thin film of them. The conductivity of this film, though
large enough to cause trouble when high insulation is re-

quired, is not large enough for the purposes of a cathode

intended for moderately large illuminations
;
but similar
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films are formed on metallic surfaces exposed to the vapours,
and can be supplied witli current from the underlying con-

ductors. These thin films possess a characteristic emission

quite different from that of the metal of which they are

composed when in hulk, and determined by the underlying

76

14-

72
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*

r \
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FIG. 7. EMISSION or THIN FILMS OF CAESIUM

material as well as by gas deposited on that metal or on the
thin film. They seem always to have a greater threshold than
the bulk metal, and sometimes a second maximum in their
emission curves at a longer wavelength than the normal
maximum. It is not known yet whether this second maxi-
mum is a selective emission, in the sense of varying with the

plane of polarization.
Two examples of the difference between thin and thick

films are shown in Figs. 6 and 7, referring respectively to

potassium and caesium. It will be seen that while a thin
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film of potassium on silver, not intentionally oxidized,

merely shows a shift of the threshold to the red, a thin film

of the same metal on oxidized copper shows a second maxi-
mum. The thin film of caesium on oxidized silver is even
more remarkable, for the maximum characteristic of the

thick metal has wholly disappeared. In form (1) it has

possibly been displaced to shorter wavelengths, and in form

(2) towards longer wavelengths. Forms (1) and (2) differ in

the precise treatment of the silver before the deposition of

the caesium and of the resulting film after its deposition;

but the exact nature of the changes that produce such differ-

ent results is not known. Forms intermediate between (1)

and (2) arid possessing two maxima can be produced, but

consistency in reproducing the same form by apparently the

same treatment is the exception rather than the rule.

The study of these thin films has begun quite recently;

the theory and the facts are still uncertain, and the state-

ments made here may need correction by the time that they
are in print. But it is impossible to omit all reference to

the matter, for it is clearly of the greatest importance in

the practical use of photoelectric cells. They can now be

used in regions of the spectrum that were wholly inaccessible

to them a short while ago ;
and it is by no means unlikely

that cathodes of the new type will displace those of the old

type even in the regions accessible to them.

Changes ol Emission During Use.

We must now turn to a different aspect of the facts with

which the preceding sections have been concerned. The

earlier workers on photoelectricity were greatly concerned

with a phenomenon that they called "fatigue" ;
the emission

from their cathodes under a constant illumination and field

continually diminished as they observed it. There was a great

conflict of evidence whether this fatigue occurred only when

the light fell on the cathode, or whether it occurred equally

in the dark ;
as usual, it is now known that both groups of

disputants were right, and that both kinds of "fatigue" may
occur. But it is clear also that the term fatigw is inappro-

priate The changes have no analogy, as seems to have been

Ritpposed at first, with the decay of the light of phosphores-

cence after the exciting illumination is removed. Jiven i
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they depend on illumination they are never the direct result

of it, but are due to alterations in the cathode produced hy
secondary and inessential actions.' The term is still widely

used; but it is better to abandon it, and to speak merely
of changes in the emission of the cells*

The changes may be due to various causes. In the original

observations they were due, at least in part, to an oxidization

of the cathode by the air to which it was exposed. Such

changes due to ordinary chemical reactions, and quite inde-

pendent of illumination, are of no importance in modern
sealed cells

;
all such reactions are completed before the cell

is taken into use. They may also be due to the forma-

tion of the gas films already mentioned (pp. 30-32) ;
or to

accumulation of charges on the walls which alter the dis-

tribution of the field. Illumination may produce a change
of this kind

; for, if the cell is exposed to a strong incandescent

source, the walls may be heated appreciably and the dis-

tribution of the film or of the charges changed. Lastly, they

may be due to alterations in the surface film on the cathode,
which so largely determines its emission. Here again the

mere heat from the source may cause the changes ;
but they

are more often associated with the impact of positive ions

on the cathode. They will occur in the dark, if the potential

applied to the cell is sufficient to cause a glow discharge;

but, when the cell is illuminated, they will occur at lower

potentials, and, indeed, at any potential at which there is

sufficient ionization by collision to produce an appreciable

magnification of the primary current.

Changes of this last kind, which are much the most serious,

can only occur if gas is present in the vsll. In a well-made
vacuum cell the emission is very constant; a variation of

1 per cent in the current produced by any small illumination

ought not to be tolerated; it usually indicates imperfect
evacuation, probably due to the liberation of gas after sealing
from the pump. But such variations may occur in very
strong illuminations, and be due to heating of the walls or

of the cathode. Here cells of type C (central cathode) are

somewhat less satisfactory than other types, because the

thermal insulation of the cathode is nearly perfect, and a

* Tli9 most complete investigation, of
"
fatigue

"
is that of H. Rosenberg,

Ze.it. /. Phys. vii, 18, 1921.
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comparatively weak radiation may produce a considerable
rise in temperature. On the other hand, few, if any, cells

are wholly free from change of emission when illuminated
;

8. INORIBASK IN EMISSION DUE TO PASSAGE OF GLOW
DISCHABGE

in the compensation methods of page 113, when a change of

1 part in 10,000 in the current can be detected, it is rare

to find a pair of cells that will give a balance wholly free

from a drift, which shows that the current from one cell

is increasing relatively to that from the other. The cause
of this drift has not. been established certainly ;

but it is
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probably due partly to changes of temperature, partly to

the residual gas that is present even in the most perfectly
evacuated cells.

In gas-filled cells, especially when voltages near the glow

potential are applied in order to obtain high magnification,
the changes are much more serious. In all such cells the

current under a given illumination depends somewhat on

the previous history. The changes are least serious when the

cathode is relatively free from adherent gas, having been

prepared by simple distillation of the metal in a vacuum,
and when the cell is filled with inert gas; then even the

passage of a glow discharge does not alter materially the

emission or the current at low voltages. But even then

there will be changes at higher voltages, the origin of which
is uncertain. If a voltage giving considerable magnification
is applied, and a series of illuminations thrown on the cells

in a regular cycle, the same currents will not be obtained

in the first few repetitions of the cycle. If it is repeated
often enough, a constant relation of current to illumination

will be obtained
;
but this relation will vary with the range

of the cycle and with the time occupied in traversing it.

When the cathode has been sensitized and the cell filled

with inert gas, the passage of a glow discharge after the cell

has rested for some hours produces a large increase, some-

times as much as 5-fold, in the emission measured at low

voltages, together with some change in the form of the

emission curve. Fig. 8 shows this change in one particular
cell. If a voltage just below the glow potential is applied,
this change of emission will occur gradually, and the varia-

tions in a cycle will be very large.



CHAPTER IV

PHOTOELECTRIC DATA

Selection of Data.

EMISSION curves, such as those given in the preceding

chapter, contain all the information necessary to choose,
from among the cathodes to which they refer, that which
will give the greatest primary photoelectric current in any
particular circumstances. But the information is not in a

convenient form
;
the purpose of this chapter is to translate

it into a form adapted to practical needs.

First we must decide what cathodes are to be considered.

Most of the cells offered for sale have cathodes of sensitized

potassium; but some makers offer also sodium, rubidium,
and caesium cells, presumably sensitized, except possibly in

the case of caesium, which is little affected by sensitization.

In addition, cathodes of the thin film of potassium on oxi-

dized copper and of caesium on oxidized silver (form (1). of

page 36) are available. (Cathodes of caesium on oxidized

silver resembling more nearly form (2) have become avail-

able since this chapter was written. Representative data

cannot be given yet, but these cathodes have considerably

greater emission for white light than any of those discussed

below, and very much greater emission for light of long

wavelength.) All these are intended for use with visible light.

Cells provided with quartz windows, intended for use with

ultra-violet light, have cathodes of sodium, lithium, or cad-

mium. To these we shall confine our attention. As has

been indicated already, the development of other thin film

cathodes may change the position completely in the visible

region ;
and the possibilities of barium and strontium must

.

not be overlooked.* When the measurements in the ultra-

violet that are urgently needed have been made the posi-

tion may be changed there also. But at the present time

* Information -
:-'- '"'i

:

ision. of Ba and Sr is to be found in:

R. Pohl, Slater a. .

"
.

'

.. L92, 1916. T. W. Case, Phys. Rev.,

xvii, 398, 1921 ; xviii, 413, 1921. R Ddpol, Zeit. f. Phys., xxxiii, 237, 1925.

See also British Patents, 178300 and 178301.

41
4 (5610)
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it is impossible, and would be useless, to consider these

possibilities.

Nest we have to face the difficulty arising from the vari-

ability of the emissions from cathodes intended to be iden-

tical. The data that we give are intended to refer neither

to the very best cathode of each type that it is possible to

produce nor again to the worst that is likely to emerge,
but to the best average that seems likely to be attainable

in production on a considerable scale. An individual cell

may give as much as twice the emission that we prescribe,
and if it gives only half that emission it is not to be rejected
as hopelessly bad. The emission is supposed to be measured
after the cell has had a long rest

;
no account is taken of the

large increase in the emission which may follow a discharge,
or the incidence of powerful lights, in gas -filled cells (page 40).
In estimating this average we have had to rely largely

upon our own measurements, except for the caesium on
silver cathodes.* In the scientific literature little relevant
information is to be found

;
the emission curves usually give

only the relative and not the absolute values of a(l}. When
absolute values are given, there is often no evidence that

they refer to a practical type of cathode, or the values
offered are inconsistent with each other and with informa-
tion derived from other sources. Lately, however, makers
of photoelectric cells have begun to give detailed informa-
tion concerning their performance. Here, again, the emis-
sions claimed for cathodes of the same type vary over a
very wide range; and (in our experience) the correlation
between what a maker claims and what he achieves is by
no means perfect. It would be tedious and out of place in
such a book as this to set out in full the evidence on which
our data are based; we have examined some hundreds of
cells made in the institution to which we belong, and nearly
a hundred cells made by others

; and we have analysed all
the published data that we can find. We have comparedand correlated this information to the best of our ability,and offer our conclusions for what they are worth. If they

* The statements about thin films of caesium are based on Koller'w
paper, mentioned in the note on page 34, supplemented by privateinformation from the author, to whom we are deeply grateful. Inspired
by tins information, we have repeated some of his experiments, and ihocurve tor caesium form (2) in Fig. 7 is derived from our own measurements
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are shown to be untrustworthy, nobody will be better

pleased than ourselves
;
for any proof of that kind must be

based upon more extensive evidence, which is lacking at

present, but badly needed.*

White Light.

In most applications of photoelectric cells they are exposed
to light suitable for general illumination, such as daylight
or the light from electric incandescent lamps. Such lights,

though they would all be termed popularly white light,

differ very widely in colour; and in order to give precise
data the quality must be specified more nearly even though
"precision" in photoelectric data is consistent with a possible

uncertainty of at least 50 per cent. We shall choose the light

from a gas-filled incandescent lamp of moderate power (say,

100 watts), and this light we shall take to be similar in

quality to that from a black body at a temperature of

2,650 K. This is the light most important in practice; for

cells are generally used with artificial sources of light, and,
when choice is possible, this source is almost always chosen,

because it best combines power and convenience.!
We might give the emission for light from this source, as

usual, in amperes per watt. But since light suitable for

general illumination is usually measured visually in lumens
rather than in watts, it is more convenient to give the emis-

sion in amperes per lumen. If P(A, T] is Planck's function for

temperature T, and v(X) is the visibility (i.e. lumens per watt)

* How scarce is trustworthy evidence appears clearly from Gudden's
treatise (Chap. -II, Note 1). The measurements of E. Seiler, Asiropliys.

Journ., Hi, 129, 1920, are often quoted, but it is to be observed that the

cells she used wore gas-filled; there is no evidence that the magnification

(see Chap. VI) was the same in all of them. Moreover, though we do not
doubt that her measurements of her own colls were accurate, we are not
sure that they are representative ; certainly they are not always concordant
with our own measurements on a very much larger number of cells.

t Very full tables of the radiation, properties of tungsten are given in

General Electric Review, xxx, 310, 364, and 408 (1927). From these all

information can be obtained concerning the variation of the quantity and

quality of radiation from vacuum tungsten lamps with the temperature of

the filament, and with current and voltage. The relation between tempera-
ture and radiation in a gas-filled lamp is very nearly the same as in a

vacuum lamp, though a slight difference arises from the use of spiral
filaments in gas-filled lamps. But the relation between current or voltage
and radiation is more complex and depends on the exact construction of

the lamp.
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of light of wavelength A, the emission measured in this way
will be given by

(2)

We thus find for our selected cathodes

Gas-filled Lamp
(T = 2650 K.)

Sodium. . . . 5-0 X 10" 7
amp./lumen

Potassium,
Rubidium
Caesium.
Potassium on. copper oxide
Caesium on silver oxide .

10

4-4

1-7

8

12-5

But a word should be said also about another source of

white light, namely, the sun. The quality of sunlight is often

assumed to be that of the light from a black body at

6,000 K. ; and so ar as the visual quality is concerned the

assumption is doubtless true. If it were also true of the

photoelectric quality, the emission for sunlight could bo
calculated from that for lamplight by means of the emission
and visibility curves. According to such a calculation the
emission of a potassium cathode for sunlight, estimated in

amperes per lumen., should, be about six times its emission,

for lamplight; and the ratio of the emission of a sodium
cathode to that of a potassium cathode should be about
twice as great hi sunlight as in lamplight. But our experi-
ments do not confirm these calculations. They show that the
emission of potassium hi sunlight is not more than twice its

emission hi lamplight, and that the ratio of the emission of

sodium to potassium is rather greater in lamplight than in

sunlight. The reason for this discrepancy is doubtless that
the shorter wavelengths play little part in determining the
visual quality but a great part in determining the photo-
electric quality. This matter, like so many others connected
with the emission, requires further investigation, but mean-
while

^

it seems that no very great error will be made if the
emissions of the foregoing table are applied to sunlight as
well as to lamplight.
These figures enable the current to be expected in various
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circumstances of frequent occurrence to be calculated easily.
Thus if S is the effective area of the cathode placed at a

distance r from a source emitting L lumens (and of dimen-
sions small compared with r), the lumens falling on the cell

are given by
* ..... (3)

and the photoelectric current by i EL. When there is no
obstruction between cell and lamp, S is the area of the

cathode projected on a surface perpendicular to the line

joining it to the source; when the light is limited by a dia-

phragm (such as a window of the cell), S and r must, of

course, refer to the diaphragm; when a simple lens is inter-

posed to concentrate the light on the cathode, S and r refer

to the lens. If the lamp is rated in candle-power and not

(as is usual nowadays) in lumens, (2) can be used, if it is

remembered that a lamp of O mean spherical candle-power
emits 4rrG lumens. If the lamp, being a gasfilled incandes-

cent lamp of the type specified, is rated in watts, it may be
taken as emitting 12 lumens per watt consumed. (In a gas-
filled lamp the watts radiated are notably less than the watts

consumed; the lumens per watt radiated are 15-7).

On the other hand, when the cathode of area S is exposed
to diffused light (e.g. daylight) which produces an illumina-

,,tion I at its surface, of which the value, expressed in foot-

candles, metre-candles (or lux) or phots, is known, the

appropriate formula is

* = SSI....... (4)

where S is in square feet if / is in foot-candles, in square
metres if / is in metre-candles, in square centimetres if /

is in phots.

Homogeneous Light.

When the light is of a single wavelength, all that matters

is the value of cr(/l) for that wavelength ;
the relevant facts

are given sufficiently by the emission curves of the previous

chapter. But it may be convenient to summarize the in-

formation in the following table in which the visible spectrum
is divided into sections; for each section the cells having

appreciable emission in that section are named, together
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with, their average emission within it. It is sufficient here

to give the emission in amperes per watt; for though the

power likely to be available is very different in different

ranges (e.g. it is much easier to obtain light of high power
at long wavelengths than at short), the relative intensities

of sources at a given wavelength are the same whether the

intensities are measured in watts or lumens or in any other

manner.

Corresponding facts for the ultra-violet do not seem to be
known ; very few absolute measurements of emission have
been made. It is probable that for wavelengths between
400 and 300 m^, lithium has at least as great an emission

as any other metal. Sodium has also a large emission, rising

to a maximum in this region. For wavelengths from 300 m/u
to 250 m/t, cadmium, zinc, and silver have been recommended,
but their emission is probably less than that of lithium.

Below 250 mfj, most metals have some emission
3 but no

absolute values are known. It must be remembered that

most of the ordinary glasses begin to absorb light at about
340 mfjb and absorb strongly at 300 m/j, ;

cells for use in the

further ultra-violet must have windows of quartz or be made
wholly of that material. Glasses partially transparent to the

ultra-violet are available, but none are as transparent as

quartz and none are materially easier to use.

Selective Light.

A rather different problem arises when we want a cell

that is sensitive to some radiations and insensitive to others.
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Examples of such a problem are titration by means of indica-

tors (page 201), infra-red signalling (page 200), or radiation

therapy (page 181). If ideal light filters were available that

would transmit perfectly a narrow band of the spectrum
and absorb all other wavelengths, the problems would be
reduced to that of the last section. We should choose a

cathode which has a high emission where sensitivity is

required, and cut out any other radiation by filters. But

they are not
;
filters are available transmitting only narrow

bands, but they always absorb to some extent even at the

wavelength of their maximum transmission. It may be

better to use a cathode with a marked maximum of emission

in the desired region without a filter, or with a less dense

but less selective filter, than a cathode giving a greater
emission in the region, but with strong emission elsewhere

that has to be suppressed by a highly selective filter, which
is necessarily dense even in the region that it selects.

The solution of the problem, therefore, demands the con-

sideration of possible filters as well as of possible cells, and
a discussion of it would lead us too far afield. In respect of

cells we will merely record that the following cathodes have
marked maxima of emission (in amperes per watt) near the

wavelengths stated.

Lithium
Sodixim
Potassium
Rubidium
Caesium

316?
340
440
480
560

Potassium-on-copper oxide . . 420 & 600

Caesium-on-silver oxide . . 360

It is to be noted that there are no maxima of emission

(which are usually characteristic of selective emission) beyond
300 mp.
For information concerning filters, reference should be

made to other sources,f

* The values given for the maximum emission of lithium vary from

390 to 315 niju.

f The Kodak catalogue of Wratten filters gives complete information

about filters of dyed gelatine films. Other useful information is to be

found in papers: T. M. Dahm, Journ. Opt. Soc., America, xv, 266 (1927);

E. Pettit, Astropliys Journ., Ixvi, 43 (1927); L. G. Jones, Journ. Opt. Soc.,

America, xvi, 259 (1928). See also A. Hiibl, Die LichtfiHer, Knapp, Hallo

(1927).



PHOTOELECTRIC CELLS

But of one problem a little more may be said. It is some-
times desirable that the cell should be as sensitive as possible
to ultra-violet light, but wholly insensitive to visible light.

Zinc, silver, and cadmium are then suitable. The cadmium
cell has received a good deal of attention, though for a reason

100

260 270 280 290 300
Wave Length (tint)

310

FIG. 9. RELATIVE EMISSION oir CADMIUM

that does not seem to us entirely valid (page 183). Its emis-
sion curve is shown in Fig. 9, but the ordinates give merely
relative values. The absolute values in amperes per watt
are not accessible

;
but as a rough indication of the currents

obtainable it may be stated that, if the entire radiation
from a low pressure mercury arc carrying 4 amp. at 80
volts were received on a cadmium cathode, the resulting
primary photoelectric current would be about 5 micro-

amperes. But, of course, the figure depends considerably on
the efficiency of the mercury arc lamp, and the distribution
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of radiation throughout its spectrum ;
these are very variable

quantities.

Emission and Visibility.

A special and most important example of the preceding

problem occurs in photometry, or the measurement of the

visual effect of light. From the fuller discussion in Chapter
XIII it appears that a cell will not be completely satisfac-

tory for photometry unless its emission curve has exactly the

same form as the visibility curve of radiation for the normal

eye, that is to say, the curve giving the ratio of the lumens
to the watts carried by radiation of given wavelength. This

curve is shown in Fig. 10, together with the emission curves

of some photoelectric cathodes
;
since we are concerned only

with the change of the emission or the visibility with wave-

length, the maximum value on each curve is taken as

unity.
It is clear that no cell known at present is quite satisfactory

when this test is applied, though caesium is a good approxi-
mation; nor can the requirement be met completely by
the aid of filters, unless possibly they are so dense as to

leave very little effective emission. But, in truth, there is

no need to meet the requirement at all completely, because

it is never necessary to compare accurately lights of very
different colour. The conception of a luminous flux wholly

independent of colour is artificial and of little practical im-

portance; the eye cannot really compare illuminations of

very different colour, and in practice the utility of illumina-

tion depends almost as much on its colour as on its intensity.
The real problem is to compare lights of not very different

colour, and, in particular, those from electric incandescent

lamps, which are the only sources in general use sufficiently

constant to justify the use of the precise methods of photo-
electric photometry.
The light from such lamps is always closely similar to

that from a black body at some temperature between

2,000 K and 3,000 K.
;
within this range that between

2,300 K.. and 2,700 K. is especially important, for it includes

all tungsten lamps used for domestic lighting. A good test

of a cell for the purposes of photometry is, therefore, the rate

of variation of the mean emission a with the temperature
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of a completely radiating source when this is in the neigh-
bourhood of 2,500 K.

;
if this is the same as the rate of

400 500
Wave Length

FIG. 10. VISIBILITY CURVE AND EMISSION CURVES iron CERTAIN
PHOTOELECTRIC CELLS

I. Potassium on copper (1
II. Rubidium (1

III. Caesium (1 >

IV. Visibility curve (1

4-9 x 10'* amperes per watt)
12-7 x 10-" )

1-7 X 10'* )

621 lumens per watt)

variation of the luminous efficiency 9?
of the source, the cell

is satisfactory. Relative, not absolute, rates of variation

. .
,

1 d a I d <p
are required ;

we must compare
-

-5- with -
-Hp or (since
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T is the same throughout) -,
-. , with 71 L.. The follow-e> ' d log T dlogT

ing table makes such a comparison

dlogT
5 '47

Sodium .... 7-48

Potassium .... 7-88
d log or

d log T
Rubidium . . . .7-27
Caesium . . . .5-09
Potassium on. copper . . 5-06

Caesium on silver . . .5-68

It will be seen that caesium satisfies the criterion well;
but its total emission is small. Caesium on silver oxide is

certainly the best, if the facts concerning it are trustworthy,
but it is possible to find potassium on copper cells which are

quite satisfactory; for it must be remembered that all our
values are averages, and that individual cells may depart

appreciably from them. In any case, an exact agreement
between the response of the cell and the visual effect of the

lamp will, probably, have to be produced by the insertion of

a slightly coloured filter before the cell. Since it is easier to

find yellow filters which transmit the longer wavelengths
without absorption than blue filters which transmit the

shorter wavelengths without absorption, it is better to choose

a cell for which d log ~a/d log T is slightly greater than
d log q>/d log T than one for which it is slightly less. An
alternative to the use of filters is the combination of the

currents from different cells which diverge from agreement
with the eye in opposite directions. There is then no loss

of current by absorption of the light in the filter, but there

may be some difficulty in securing that the light is always
divided between the two cells in tfye same proportion (see

pp. 166, 167).



CHAPTER V

THE ELECTRIC DISCHARGE

The Saturation Current.

IF tliere is no gas present in the cell, and if a sufficient

voltage is applied between the electrodes, all the electrons

liberated by the light at the cathode will pass to the anode
;

the current flowing through the cell will be the primary
photoelectric current studied in the two preceding chapters.
But if a small voltage is applied, some of the electrons will

return to the cathode and will fail to reach the anode
;
the

proportion that reach it under any given voltage will depend
on size of the cell and on the shape of the electrodes.

These facts are illustrated in Fig. 11, which shows the

relation between the current i and voltage E in two vacuum
cells, one of type A, Fig. 1 (which we shall henceforward
term, "spherical"), and one of type B (which we shall term

"plane"). The primary photoelectric currents are supposed
to be the same in the two cells, and accordingly the same
current flows in both when any voltage above a certain

limit is applied. This limiting current i a , independent* of

further increase of voltage, is called the saturation current
;

it is equal to the primary photoelectric current. But at

voltages less than that required to saturate both, the

curves are markedly different; the curve rises less steeply
in the cell in which a given voltage between the electrodes

produces the smaller electric field at the surface of the

cathode.

Current-voltage relations similar to those of Fig. 11 are

characteristic also of thermionic valves and especially of

diodes
; there, too, we find a rise to a saturation current,

independent of the voltage and determined by the electron

emission from the cathode. But the circumstances that

determine the rise are different. In the thermionic valve
some of the electrons from the cathode fail to reach the
anode at low voltages, because of the "space charge" estab-

lished by their neighbours. The mutual repulsion of the

52
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electrons determines the rise
;
the voltage at which this

becomes unimportant increases with the density of the

electron stream, and the characteristic varies with the

saturation current. In a photoelectric cell the density of the

electron stream is usually too small for the effect of the space

charge to be appreciable; the form of the characteristic is

independent of the saturation current, so that if, in place
of i, we plot the ratio i/i s (as indicated on the right of Fig.

11), the same curve will represent the characteristic for all

moderate illuminations. At very intense illuminations the

effect of the space charge may appear, and the characteristic

become somewhat flatter, but the change is seldom of

practical importance.
The initial rise of the current with voltage in the photo-

electric cell is mainly due to a cause that, in the thermionic

valve, is almost concealed by the space charge. Some of the

electrons leave the cathode with a finite velocity which

represents the excess of the energy that they received from
the light over that required for emergence ;

if their motion
is originally directed towards another part of the cathode,
force must be exerted on them to deflect them to the anode.
The necessary force is obviously greater in a spherical than
in a plane cell, and, consequently, the initial rise of the
characteristic is less steep. If the cathode were perfectly
smooth, a voltage of 10 or 20 volts would probably be enough
for this purpose even in a spherical cell; more is actually

required before the saturation current is reached, because
the surface is rough and the electrons have to be dragged
out of crevices. Further, we have seen that the original

velocity of the electrons varies with the quality of the light ;

for this, and possible for other reasons, the initial part of

the characteristic may vary with the quality. But we need
not discuss the matter in detail because this part of the
characteristic of a vacuum cell is unimportant practically;
such cells are always used with voltages sufficient to give
very nearly the saturation current. Perfect saturation is

never attained, partly because the vacuum is not perfect,
and partly because a sufficiently strong field enables some
electrons to emerge from the cathode that would otherwise
fail to do so. In Fig. 11 the current is still increasing even
at the highest voltages. But this increase is of no practical
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importance ;
for all practical purposes saturation is obtained

when an increase of 10 volts does not increase the current

by as much as 1 per cent (see page 78).

lonization by Collision.

So much for the vacuum cell; the gasfilled cell requires
much more careful consideration. The gas introduced has,
of course, to be one that does not react chemically with the

photoelectric material. Either argon or the mixture of neon
and helium obtained by fractionating air is usually employed ;

th.e figures given below refer to argon, but qualitatively the
facts are the same whatever gas is used.

The object of introducing gas is to magnify the primary
photoelectric current through ionization by collision. We
must start by expanding the brief description of this process

given on page 2.*

The collision between a slowly moving electron and a mole-
cule of a gas is similar to that between elastic or partially
elastic bodies; the electron may give some of its kinetic

energy to the molecule, but the colliding bodies separate

essentially unchanged. If, however, the electron is moving
fast enough, the molecule may be broken by the collision

;

an electron may be detached from it, leaving a remainder
which is a positively charged ion. The energy required to

detach an electron from a molecule, or to ionize it, is a defin-

ite property of the molecule called the ionization potential
of the gas ;

it usually lies between 10 and 25 volts. An elec-

tron cannot ionize unless it possesses a kinetic energy greater
than the ionization potential; if it has a greater energy, it

will ionize if it makes a very direct impact, but not if the

impact is glancing ;
if it ionizes the molecule, it loses energy

equal to the ionization potential. An electron that initially

possesses an energy equal to n times the ionization poten-
tial can thus ionize n molecules, if it makes a sufficient

number of collisions of the right kind in passing through a

gas. The ionization potential will be denoted by <p ; for, like

the work function represented before by the same symbol,
it is the voltage through which an electronic charge must

* The general theory of ionization by collision and of its bearing on the
elactric discharge is expounded by its author, J. S. Townsend, in his book,
Electricity in Gases (Oxford Clarendon Press, 1915).
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fall in order that it may acquire an amount of energy
sufficient to liberate an electron.

When ionizatioii has occurred., two electrons are present in

the gas in place of one, namely, the original, primary elec-

tron, and the secondary electron ejected from the molecule.

If the gas is placed in an electric field, both electrons will

move to the anode, while the positive ion moves to the
cathode. The anode receives a negative charge equal to

twice that on an electron; the cathode receives an equal
and opposite charge, represented by the charge on the prirn-

-.. ary electron that it loses and that on the positive ion that it

gains. If each electron ionizes n times in passing through the

gas, the current through it should be (n -\- 1) times that

carried by the primary electrons. Actually this is not quite
true generally, because an electron may disappear again
before it reaches the anode by encounter with a positive

ion, produced by some other electron; it may recombine

with this ion and form a neutral molecule again. But we
shall leave recombination out of account through most of

our discussion.

So far we have left out of consideration the source of the

energy of the ionizing electron. If the quantum voltage of

the radiation is sufficient, electrons liberated by the photo-
electric effect may start from the cathode with an energy
many times the ionization potential of the gas into which

they emerge; if they make sufficient collisions, each may
produce many ions

; and, so long as the electric field is great

enough to drag the ions and electrons to the electrodes, the

primary current may be magnified many times. This state

of affairs, in which the magnification is independent within
wide limits of the voltage between anode and cathode, is

found in the ionization chambers used for measuring X-rays,
of which the quantum voltage is several thousand volts

;

such chambers are essentially gasfilled photoelectric cells.

But the term is usually restricted to devices for detecting
light in the visible and nearer ultra-violet region of the spec-
trum, where the quantum, voltage is less than the ionizatioii

potential of any gas, and no primary electron can ionize on
its own account. In such cells ionization by collision is in-

duced by causing the primary electrons to pass through a

strong electric field, and thus to acquire the requisite energy.
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Factors Determining Magnification.

In order to investigate this process, something must be
known about collisions that do not result in ionization. We
shall assume that an electron loses all its energy when ito*/

collides and fails to ionize; the assumption is not correct,
but it leads to nearly the right result. Accordingly, if the

electrons are to acquire the energy necessary to ionize by
travelling through the gas in an electric field, they must

acquire it between successive collisions. If the electrodes are

planes between which is a distance d and a difference of

potential E, and if X is the free path of the electrons between

collisions, the energy acquired during the free path is J$2./d ;

in order that there may be ionization, Eljd must be greater
than

(p. If all free paths were equal the further investigation
would be very simple ; n, the number of collisions, would be

given by
n = d/A (5)

n', the number of ionizing collisions would be n or zero, accord-

ing as Ekjd > or <
93.

At each ionizing collision the number
of electrons travelling to the anode is doubled

; consequently,
if N start from the cathode, N would arrive at the anode,
where

N = N 2n
'

(6)

NjN is the magnification of the primary photoelectric cur-

rent; it increases rapidly with n'.

Actually A is not the same for all collisions, but varies

fortuitously about a mean. This mean 1 in any given gas
is inversely proportional to the density, or if the temperature
is constant, to the pressure p. Hence we may write

pl = l (7)

When the variation of /L is taken into account, we have
in place of (6)

N = N -enr (8)

where e = 2-713. The proportion of collisions at which
ionization occurs is still determined by the value of EXjd,
so that we may write

n'/n=f(El /pd) (9)

the function / increases with the argument E^ jpd.

5 (56i9)
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n is still given by (5), so that

>r>rl

(10)

From (8) and (10) it appears that n', and therefore NfN
the magnification of the primary current, increase with E
if pd is constant. If E is constant, there is a value of pd for

which n' is a maximum; this maximum increases with E.
If pd is less than the value corresponding to the maximum,
n' falls off because the total number of collisions is too small

;

if it is greater, n' falls off because the proportion of collisions

resulting in ionization is too small. The value of pd for

maximum n' is determined, as in the simple theory, by
E/.

/(p, and is actually of the same order of magnitude as
that quantiy. Thus for nitrogen at room temperature A is

about 0-045 (when p is in mm.), and
<p is about 16 volts

;

consequently, if the plane electrodes are 1 cm. apart, and
E is 200 volts, the optimum value of p should be about
200 X 0-045/16, or about mm.

(10) is still true if the electrodes are not parallel planes, so

long as geometrical similarity is preserved when d is changed,
though the function / will be different. Thus, with another
/, (1Q) would be true if the electrodes were concentric spheres
with a constant ratio between their diameters, and d were
the diameter of either of them

; for instance, it would still

be true that variations of p and d do not change n f

so long
as pd is constant. But this would not necessarily be true if

the diameter of one of the spheres were constant, while d,
the diameter of the other, varied. Again, X

,
and

<p (which
is involved in the function /) depend on the nature of the
gas ; (10) tells us nothing of how n' varies from one gas to
another, unless the forms of /for the two gases are specified.
Nevertheless, though the range of (10) is limited, it is useful
in tracing the rather complicated variations of n' with all
the possibly variable factors.

It is especially useful when only p and E vary. Pig. 12
shows some illustrations based on actual measurements' for
this case

; the cell is spherical with a diameter of 6 cm and
a small central anode; the active metal is sensitized potas-
sium, and the gas argon. N/N is plotted against E for
various values ofp ; the curves are the voltage characteristics
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of the cell at different pressures of gas, for an illumination
which would give a saturation current represented by 1.

As the theory predicts, each curve rises continually with

12

(about)

SO -100 200 300150
Volts

FIQ-. 12. RELATION BETWEEN MAGNIFICATION AND VOLTAGE
AT VABIOUS GAS PRESSURES

}
;
but the curves cross each other and, as E increases, the

magnification at higher pressures increases relatively to that

at lower pressures. Thus at E = 100 volts, p = 0-08 mm.

gives higher magnification than p = 2-3 mm. ;
but at E

140 volts, p = 2-3 mm. is better.
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It should be noted that, for small voltages NjN is less

than 1, and for none of the curves, except p = 0, is NfN
1 over any considerable range. The reason for this depar-

ture from the theory just expounded has already been

explained; even in the absence of gas considerable fields

are required to saturate the current and to drag all elec-

trons to the anode
;
its presence hinders saturation further.

At all the pressures shown, except p = 0, ionization by
collision sets in before saturation is attained.

The Glow Discharge.

But there is another departure from the theory much
more important practically, because it affects very greatly
conclusions about the optimum pressure. According to (10)

and (8) the magnification ought to increase indefinitely with

E, and any magnifications, however large, ought to be attain-

able if sufficiently large potentials are available. Actually
a limit is set to E by the influence of the positive ions, which
have been left wholly out of account. They affect the cur-

rent in two ways. First they cause the liberation of elec-

trons from the cathode independently of the photoelectric

emission; second, their presence in the neighbourhood of

the cathode increases the electric field there, by reason of

the charge that they carry. (The electron^similarly increase

the field in the neighbourhood of the anode, but their,

influence is less important.) These two effects are closely

related. It is still doubtful exactly how the positive ions

liberate electrons at the cathode, whether by direct impact
or by some indirect process ;

but it is certain that they do

liberate them, and that the liberation is connected with the

increased field due to the positive "space charge"; the

greater the number of positive ions arriving at the cathode,
the greater is the chance that each of them will liberate an
electron additional to those liberated by the light. Accord-

ingly, when once the action of the positive ions starts, it is

cumulative and reinforces itself. As E is increased, and with
it the number of positive ions, a stage is reached at which
the current increases much more rapidly than it would

according to (10), and, finally, a second stage in which the

positive ions, produced by the collisions of the primary

photoelectrically liberated electrons, in their turn produce
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at the cathode secondary electrons as numerous as the

primaries. When this second stage is reached, the current
will continue to flow even when the light is turned off, for

the liberation of the primaries is no longer necessary to its

continuance; its magnitude will be determined not by the

supply of electrons from the cathode, but by the disappear-
ance of electrons and positive ions by recombination in the

gas and at the walls of the vessel.

This condition is accompanied by a visible glow in the

gas ;
it represents the glow discharge, which can be started

in any gas at low pressure (such as that in a neon glow lamp)
by the application of a sufficient field. When it occurs, the

current through the cell no longer varies (or varies consider-

ably) with the illumination; the cell is no longer a photo-
electric cell. The highest potential that can be applied use-

fully to a photoelectric cell is the glow potential, E1} at

which the glow starts and the current, increasing suddenly,
becomes independent of the illumination

;
the useful part of

the characteristic terminates at this point.
In Fig. 12 these terminations are marked by crosses (X )

when they lie within the limit of the diagram; when they
do not, the voltage E- at which they occur is marked by a

cross joined to the curve by an arrow. It will be seen that

El varies with the pressure ;
the manner of its variation is

shown in Fig. 13, which refers to the same cell. In a cell of

any other form, the curve would be very similar; it always
has a flat minimum and a very rapid rise at lower pressures.
The minimum value of Ej_ depends both upon the nature of

gas and of the cathode, but is very nearly independent of

the arrangement of the electrodes.

The existence of the glow potential complicates greatly
the choice of the optimum pressure for a given E, for which
n' is a maximum. The choice indicated by (10) is valid only
if at the pressure so indicated E is less than E^. Thus, in

Fig. 12, if the curves continued indefinitely on the course

indicated by (10), p = 2-3 would be preferable to p = 0-08

at all values of E above that at which the curves cross.

Actually the characteristic for p = 2-3 terminates at its

glow potential at E = 145
;
for higher values it does not

exist for photoelectric purposes, and, therefore, p 0-08

becomes preferable once more, and when E is 215 gives
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magnification higher than any which can be obtained with

p = 2-3.

Some other facts about the glow potential may be recorded

400
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FIG. 13. VARIATION OF GLOW POTENTIAL WITH GAS PBESSTTKE

here for future reference. If the glow discharge is started

by raising E above Elt and E is then redjiocu., ilIC giw

charge does not stop when E-L is reached again ;
the change

is not completely reversible. In order' to stop the g'ow, E
has to be reduced to a considerably lower value Ez ,

the
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stopping potential. E z varies with the gas and the cathode
and the pressure in much the same way as Elt having a
minimum at about the same pressure. Again, E1 and Ez

are not perfectly constant
; E^ is usually higher when the

cell has stood for some time without a discharge passing
than it is just after a discharge has passed; but even if an

attempt is made to reproduce the condition of the cell by
a series of discharges before measurements are made, appre-
ciable variations will be found on different occasions. E 2 is

less variable than Elt but is still not absolutely constant.

These variations in E1} E z ,
and in the part of the char-

acteristic immediately below E are due to changes in the

condition of the cathode, and are associated with varia-

tions in the photoelectric sensitivity, which were discussed

in Chapter III (page 37) ;
but they are not. sufficient to affect

the general truth of the statements made here.

The Corona and Arc Discharges.

The glow discharge is not the only form in which current

can pass through the cell independently of the photoelectric
current. If, when the cell is completely dark, the voltage
across it is raised, no current exceeding 10" amp. will gener-

ally be found to flow through it until the glow potential is

reached. But if a sensitive method of measuring current is

employed, smaller currents will be detected at voltages con-

siderably below E! ; they may rise to 10" 9
amp., or even more,

before the glow discharge sets in suddenly, with a current of

several milliamperes. This dark current, as it is usually

called, is troublesome when very small photoelectric currents

have to be measured; for, unless the voltage is maintained

considerably below El} and magnification thereby sacrificed,

it may be larger than the photoelectric current. On the

other hand, it is of no consequence when the photoelectric
current in the neighbourhood of E^ is as great as 1CH amp.,
as it is in most applications of cells. This second form of

discharge, independent of the light, is known as the corona

discharge, and has only been discovered and studied recently.

Very little is known about its origin.*
* The processes involved in the starting and stopping of the glow dis-

charge, in which the corona discharge is closely involved, have lately been

investigated in great detail by J. Taylor andW. Clarkson. See W. Clarkson,

Phil. Mag., iv, 1002, 1341 (1927), where reference to earlier work is given.
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At the other extreme, if the voltage is increased above
the glow potential, and the current flowing through the cell

is not limited by the exterior circuit, the glow discharge

may turn into an arc, characterized by. the heating of the

electrodes to incandescence. To prevent the occurrence of

an arc, which would destroy the cell' immediately, a pro-
tective resistance of at least 10,000 ohms must always be

placed in series with the cell
;
the current then cannot rise

to the point at which the arc starts.

Change of the Characteristic with Illumination.

So far it has been assumed tacitly that the characteristic

of the cell, and the magnification N/N obtained at any
pressure and potential, are independent of the illumination.

This assumption is not true; the true facts are shown in

Fig, 14, which refers to a plane cell and not to the spherical
cell of Fig. 12. The general nature of the changes intro-

duced by varying the illumination are the same in all types
of cell

;
but they are easier to investigate completely in the

plane cell.

In Fig. 14 the various curves are voltage characteristics

similar to those of Fig. 12
;
but for convenience the ordinates

represent the logarithms of the current i, not the current

simply. Each curve refers to a different illumination, the
relative value of which is marked against it. If the char-

acteristic were independent of the illumination, the ratio of

the currents for two values of I, or the difference in log i,

would be the same at all values of E
;
the curves would be

equi-distant through their course, and would differ only in

being displaced parallel to the axis of log i
; they would all

terminate at the same El} that is to say, on the same ver-
tical line. Actually, they are equi-distant only in the lower

part of their course, most of which is omitted from the

diagram because it is uninteresting; the characteristic is

independent of the illumination only if E is greatly below
the glow potential.
At the larger values of E, varying illumination produces

changes of two kinds. The first, important at the lower

illuminations, is a decrease of the glow potential with

increasing illumination. The terminations of the curves lie

on a regular curve (the thick line) which cuts off the curve
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earlier the greater the illumination. Since the curves become

steeper as they proceed, this means that the maximum
magnification obtainable and the steepness of the curve just

130 140 150 WO 170 180 ISO ZOO 210
E(volts)

FIG. 14. VOLTAOE CHABACTEBISTICS AT VARIOUS ILLUMINATIONS

before it terminates are less the greater the illumination.

Although a greater current N is always obtainable from a

greater emission N ,
the maximum ratio N/N decreases as

the illumination increases. Our knowledge of the exact cir-

cumstances that determine the glow potential is not com-

plete enough for a detailed explanation of these changes to

be given. But the cause must doubtless be sought in the
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action of the positive ions at the cathode. Since their effect

is cumulative and not merely proportional to their number,
the current must cease to be simply proportional to the

illumination at potentials so high that their action is

important.
The second change appears at the higher illuminations.

The thick line, which represents how E1 varies with the

illumination, ends on the left
;
there is a least value of E^

which cannot be surpassed however great the illumination.

This minimum E^_ is actually E2 ,
the stopping potential;

EZ is independent of the illumination; the termination of

the thick line means that the glow cannot ever start at a

potential less than that at which it would stop in the un-

illuminated cell. If the illumination is so great that, before

JEZ is reached, the current flowing through the cell is already

comparable with that carried by the glow discharge, then
it is not to be expected that the attainment of potentials
at which the glow would start at lower illuminations should

produce the sudden increase of current characteristic of the

starting of the glow. For such high illuminations there is

no glow potential or stopping potential in the usual sense
;

there is gradual transition from the conditions of no glow
to those of the glow ;

as the potential is increased, a stage
is reached at which the current does not fall to zero, or even
decrease appreciably, when the light is removed

;
the cell is

now insensitive to light, and the passage to the glow discharge
is complete. This stage is indicated in Pig. 14 by the point"
at which the characteristic merges into the upper thick

line., which represents the relation between voltage and cur-
rent in the glow discharge.
The two thick lines form together a "limiting curve"

which divides the area of the diagram into two parts, that
to the left, which .represents combinations of voltage and
current that can exist if the illumination is appropriate, and
that to the right, which represents combinations that cannot
exist at all. When a characteristic meets any point of the

limiting curve, the cell changes from a state sensitive to

light to a state insensitive; the lower part of the limiting
curve represents unstable states and, when a character-
istic meets this part, the cell immediately flies over to the
upper part which represents the stable glow discharge. The
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characteristics fall into two classes according as they ter-

minate on the upper or lower part of the limiting curve, and
there is a critical illumination which divides the two classes.

Actually, the critical illumination cannot be determined pre-

cisely, because in this neighbourhood measurements are

irregular; in the area shaded in the figure no consistent

measurements at all can be made, but comparatively narrow
limits between which it must lie can be found. There is no
indication of any part of the limiting curve between the two

portions shown.
The illumination affects the characteristic in two other

ways of minor importance, which are not shown in Fig. 14.

At very large illuminations the space charge due to the

photoelectrically liberated electrons has the same effect as

in the vacuum cell (page 54), but more markedly; the

characteristic rises less steeply at very low voltages. Again,
the frequency of the light is said to have some influence

;

but there is a difference between different observers concern-

ing the magnitude and even the sign of the influence. Our
own experiments disclose no effect of the frequency com-

parable with that of the intensity of the illumination; and
since illuminations of the same intensity but different fre-

quencies have seldom to be compared, any variations in the

characteristic due to change in frequency will usually be
masked completely by variations due to change in intensity.

Again an influence of the distribution of the light might be

anticipated. If the light is concentrated on one small part
of the surface and the rest is dark, it might be expected that

this part alone would be effective, and that the shape of the

characteristic would be that appropriate to high illumina-

tions
;
while if the same light is spread uniformly over the

whole surface, the form would be that appropriate to low
illuminations. But this expectation is falsified; in cells of

normal construction the form of the characteristic is deter-

mined almost entirely by the total light entering the cell,

whether it is concentrated or diffused
;
if there is any effect

of distribution, it is masked by changes due to the lack of

uniformity of the sensitive surface (page 31). The reason

is that the variations in the form of the characteristic are

due to the actions of the positive ions. The positive ions

do not return to the part of the cathode whence came the
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electrons that produced them, but are distributed almost

uniformly, even if the source of the electrons is concentrated

in one spot. The distribution of the light does not determine

the distribution of the positive ions or, therefore, the form

of the characteristic. On the other hand, in very large cells

with light distributed very unequally, some effect of the

distribution may be appreciable.



CHAPTER VI

THE VOLTAGE-CURRENT CHARACTERISTIC

The Vacuum Cell.

WE must now re-arrange the facts set forth, in the preceding

chapter in a form more directly applicable to practice.
To the account of vacuum cells little need be added. The

higher the voltage applied the better, for the more nearly
will perfect saturation be attained; but a limit may some-

times be set by insulation leakage. In virtue of the second

law of photoelectricity, the saturated current in a vacuum
cell is accurately proportional to the quantity of light inci-

dent on the cathode, so long as the quality of the light is

unchanged a most important proviso. Departures from

this law can sometimes be detected
; they are due either to

incomplete saturation, or to incomplete definition of the

area of the cathode for the reason mentioned on page 5, or

to incomplete fulfilment of the proviso.

Gas-filled Cell. General Considerations.

But in the use of the gas-filled cell the choice of voltage is

a matter of great moment.
The considerations that have to be taken into account are

best discussed with the aid of Figs. 15 and 16, which express

the facts of Fig. 14 in a different way. They refer again

to a particular plane cell (type B) filled with argon and

having a potassium cathode.

In Fig. 15 the current through the cell is plotted against

the illumination. The various continuous curves refer to

various voltages applied to the cell, which are marked against

them
;
the curves end on the dotted curve when the applied

voltage becomes equal to the glow potential, and the cur-

rent ceases to be controlled by the light. The dotted curve

is a reproduction in another form of the lower part of the

limiting curve of Fig. 14. The upper part of the limiting

curve lies beyond the margin of the diagram; the curves

for 182 and 170 volts do not terminate at all.
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The illumination represented by the abscissae is here

measured by the saturated current which it would excite

in the same cell if it were evacuated. All questions of the

quality of the light and of the photoelectric properties of

fche cathode are thus avoided; they are irrelevant to our

present inquiry. For the voltage characteristic depends on
bhe electronic emission from the cathode, and not on the

means by which it is excited. But since it is desirable to

have in mind some idea of the illuminations involved, it

may be recorded that an illumination represented by 1 is

due to the incidence of about 0-001 lumen from a gas-filled

lamp on a potassium cathode. In virtue of this method of

estimating the illumination, the diagram shows directly the

magnification of the primary current produced by the gas ;
it

is the ratio of the ordinate of any point to its abscissa. The

magnifications at the terminal points of the various curves

are marked along the dotted curve.

The curves illustrate again some facts already noted. If

it is necessary that the current should be proportional to

the light, only the straight part of the curves of Fig. 14

must be used; either feeble lights must be used or, with

stronger lights, low voltages. The limit at which marked
deviation from proportionality occurs is fixed by the current

rather than by the light ;
for all lights it lies between 2 and

3 microamps. Again, if proportionality is not demanded,
and the object is to obtain the greatest current from a given
light, the maximum current, limited by the glow potential,
does not increase nearly so rapidly as the light ;

over most
of the range of Fig. 15 the maximum magnification at-

tainable increases as the light decreases, and the maximum
current is more nearly independent of the light than

proportional to it.

But this is not true at either of the limits of that range.
It is not- true when the light is very small on account of the

dark current (page 63). The dotted limiting curve does not

really fall to zero with the light as shown
;
the current just

before the glow potential is finite even when the cell is

completely dark. The incidence of a small light increases

this current by an amount which represents an enormous

magnification of the primary photoelectric current, but as

it is not large compared with the current that flows in the



72 PHOTOELECTRIC CELLS

X10~
9
amp.

-40 80 120
'"~

760 ZOO 240 280 320 360

L, Primary photo-electric current,
measured in 10~

9
amp,

Fia. 16. RELATION BETWEEN CTXEEENT AND ILLUMINATION AT
VOLTAGE E



THE VOLTAGE-CURRENT CHARACTERISTIC 73

dark, it cannot be measured with great accuracy. The dark
current falls more rapidly with the voltage than the photo-
electric current, and can be made negligible by reducing the

voltage well below the glow potential. Such reduction is

necessary -if accurate measurements are to be made
;

it

involves a sacrifice of magnification ;
the practical magnifica-

tion with very small lights may actually be less than that

with somewhat larger lights which give photoelectric cur-

rents sufficiently large to mask the dark current.

At the other extreme (see Fig. 16) the magnification
increases greatly as the light increases past the critical value

which (in Fig. 14) marks the change from a characteristic

that cuts the lower part of the limiting curve to one that

meets the upper part ;
but once this limit is past, the magnifi-

cation falls again and the maximum current becomes almost

independent of the light. The change occurs, as explained
before, when the glow potential -E^ falls to its minimum, which
is the stopping potential E z . For lights greater than the

critical, little is gained by using any voltage greater than E z ;

the relation between light and current is therefore given fully

by the right-hand portion of Fig. 16, in which the voltage
is always E%. For lights less than the critical, the currents

obtained with E z are, of course, less than those obtained
with higher voltages ;

the dotted curve, which is a reproduc-
tion of that of Fig. 15, shows the greatest currents obtained

with these small lights. The enormous increase in maximum
current when the critical illumination is reached becomes

fully evident.

Different Types o! Cell.

Figs. 15 and 16 refer to one particular cell. The state-

ments based on them are true qualitatively of all gas-filled

cells; but in other cells great quantitative differences may
be found, and to represent them, the diagrams, though
retaining their general form, may have to be greatly
distorted.

In a given cell, the characteristic changes with the nature

and pressure of the gas-filling and, in a lesser degree, with ,

the material of the cathode
;
for the glow potential E1 and

the stopping potential Ez are determined by these factors.

But, within the limits imposed by other considerations,
6 (5619)
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changes due to this alteration can be represented approxi-

mately by a change in the voltage scale, of the diagram, or,

more generally, by a stretching of tjie diagram, not neces-

sarily uniform, parallel to the horizontal axis. This state-

ment does not pretend to complete accuracy, and some fur-

ther remarks on this matter will be found in Chapter VIII
;

but it is probably a sufficient guide for most practical pur-

poses, and the only guide that can be offered here. Since

no simple and general laws are known relating the para-
meters of the characteristic to the nature of the cathode and
of the gas-filling, the matter could not be discussed fully
without presenting an enormous and indigestible mass of

facts.

Much greater and more important changes of the char-

acteristic accompany changes in the type of cell, that is to

say, in the dimensions and geometrical form of the electrodes

and containing vessel. Here, again, it is quite impossible to

discuss all possible types, or even all types that are in com-
mon use. It will be necessary, and is probably sufficient, to

consider extreme types. One extreme is the plane cell to

which Figs. 15 and 16 refer; the opposite extreme is the

large spherical cell (type A). In this type the variation of

the glow potential with the illumination and the difference

between the maximum and minimum glow potentials are

much greater, and so is the critical illumination at which
the change from the upper to the lower limiting curve
occurs.

These differences are shown in Fig. 17, which is similar

to Fig. 14. The full-line curves of Fig. 17 are transferred

from Fig. 14, and refer to the same plane cell
;
the dotted

curves are those of a spherical cell having the same emission,
and therefore the same primary current, and the same
maximum glow potential.
The characteristics of the spherical cell are steeper, especi-

ally at low voltages and near the glow potential. With a flux

less than 0- 1 lumen, the maximum current it gives is rather

greater than that of the plane cell. But between 0-1 and
1 lumen, a very important range, it is much less, because the
characteristic of the plane cell has passed to the upper limit-

ing curve while that of the spherical cell remains on the lower

hmiting curve. But at 10 lumens a flux very seldom used
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the spherical cell has the higher maximum current, because

the current carried by the glow discharge is much greater.

60 BO 100 120 140 160 180 00 2.2C

E {YQltg$

FIG. 17. VOLTAGE CHARACTERISTICS or SPHERICAL AND PLANE CELLS

(Continuous lines refer to plane cell; dotted linos refer

to spherical cell)

There is a further difference of some importance not shown

by the figure. The dark current, carried by the corona dis-

charge, is much smaller in the spherical cell
; and, therefore,
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with very small fluxes (-0001 lumen or less) higher magnifica-
tions can be used without the photoelectric current being-
masked by the dark current.

The Adjustment of Voltage.

We will now proceed to state concisely the rules for adjust-

ing the voltage of a gasnUed cell based on these facts. They
apply equally to all types of cell, except, possibly, those with
thin film cathodes (see page 34).

First, in order to protect the cell from the damage which
it would suffer if the glow discharge turned into an arc, a

protective resistance of at least 10,000 ohms must be placed
in series with the cell.

If it is desired to obtain the greatest possible current from
a given light, the greatest light to which the cell is to be

subjected in use must be thrown on the cell, and the voltage
across it raised till the glow discharge starts. The voltage
is lowered immediately (for it is not advisable to allow the

glow discharge to pass for too long a period) till the dis-

charge stops. This process is repeated two or three times
until the stopping potential is constant. The voltage is now
raised to a value slightly below the last value of the glow
potential. Ten volts below is often recommended, but with
a good cell 5 volts is sufficient, and even 2 volts can be used
if the voltage is really constant.

If there is no limit to the light which may be thrown on
the cell, or if it is essential that its action should never be

interrupted by the occurrence of the glow, the voltage should
be just below (say 2 volts below) the stopping potential.
This may be determined without throwing light on the cell,

for it is almost independent of the illumination.

If it is necessary that the relation between current and

light shall be linear, a lower voltage again may have to be

selected; it can only be determined by trial. A useful

method of determining whether the relation is linear is given
on page 194.

If very small lights are used and the dark current is im-

portant, the voltage must be raised until the dark current

becomes comparable with the photoelectric current.
T

most cells with potassium cathodes (and to a lesser

e in those with other cathodes) the passage of the glow
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discharge increases the emission very notably (see page 40) ;

it may rise to three times the value given in Chapter IV.
There are potassium cells in which the emission falls when
the discharge passes ;

but these are thoroughly bad cells and
should not be tolerated. Accordingly, when the voltage is

adjusted by the rule which involves passing the discharge,
the cathode will start at its maximum emission. If now a

large current is passed through the cell, i.e. one not much
less than that which flows in the glow discharge, the emission
will remain high; but if only a small current is passed, it

will fall and regain its "rested" value after some hours. If,

therefore, small currents are to be used and constancy is

important, care must be taken not to pass the discharge or,

alternatively, to pass it frequently for a few seconds so that
the maximum emission is always restored. Another plan is

to use some cathode which is comparatively insensitive to

the discharge, such as unsensitized potassium; but this

plan involves a considerable sacrifice of emission. How-
ever, real constancy in a gasfilled cell cannot be obtained

in conjunction with high magnifications, except by ex-

posing the cell for long periods to a constant light at

constant voltage.

The Characteristic Conductivity.

So far we have assumed that the voltage across the cell,

when once adjusted, remains independent of the current

passing through it. This assumption is never accurately
true. For there is always some resistance in the circuit

exterior to the cell; if a constant voltage is applied to the

circuit as a whole, that applied to the cell will fall as the

voltage drop in the exterior resistance increases with the

current. If the exterior resistance is merely that required
to protect the cell from damage, i.e. about 10,000 ohms, the

variation of the voltage across the cell with the current will

be generally inappreciable ;
but in certain methods of using

cells much larger resistances than this are employed, and

their effect is very important.
If .the illumination of the cell is constant and the voltage

across it is varied, a small change in voltage dE will produce
a proportional small change in current di. Accordingly, for

small changes of voltage the cell behaves as if it were an
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ohmic conductor with resistance r = -TT, and conductivity

r = -y~. When the illumination varies, but the voltage
Ct/Jb

about which the small changes occur is constant, P is pro-

portional to i
;
hence if we write

1 di

y (which is called the characteristic conductivity) is nearly

independent of the illumination, and a function only of the

voltage; it is the relative increase in magnification due to

an increase of 1 volt in the voltage, so that if the current

through the cell increases by x per cent when the voltage is

increased by 1 volt, then y aj/100.

Because of the characteristic conductivity, the current is

not proportional to the illumination when there is much
exterior resistance, even if the cell works on a part of the

characteristic where there would be proportionality if the

applied voltage were constant. Let i be the illumination,

measured by the primary photoelectric current, m the mag-
nification at the voltage E, E the exterior resistance. Then

i, the current in the circuit, is given by

i = i m(l -yJRi)

If we are measuring the current by the voltage drop e in the

exterior resistance, then the appropriate formula is

e = i mR(l -
ye)

In each case the expression in brackets is a correcting factor

determined by the characteristic conductivity of the cell.

Some idea of its magnitude should be given. If the cell is

working on a part of its characteristic far from the glow

potential, y will be of the order of 0-02
;
if it is working near

fche glow potential it may be as high as 0-1. Accordingly, if

an error of 1 per cent is important, the drop across the

exterior resistance must not exceed 0-5 volt in the first case,

or 0-1 volt in the second. If the exterior resistance is only

10,000 ohms, the error will not enter until the current is

IQfjiA. In a vacuum cell y need not be greater than 0-001,

and the effect of the characteristic conductivity is always

negligible.



CHAPTER VII

INTERMITTENT CURRENTS

Use of a Current-limiter.

So far we have supposed that illumination is to be detected

or measured by changes of the current through the cell.

The voltage across the cell has been regarded as fixed during
any given experiment (apart possibly from a small drop in

the exterior resistance) ,
and we have asked how the current

will vary with this fixed voltage and with the illumination.

But for some purposes an inversion of this method is con-

venient ;
the current through the cell is fixed, and illumina-

tion is detected or measured by changes in the voltage ;
we

have then to ask how the voltage will vary with the fixed

current and with the illumination.

A constant but adjustable current can be maintained in any
circuit if it includes a current-limiter, that is to say, a device

which will not pass more than a certain current, however

great the E.M.F. applied to the circuit. The most convenient

form of current-limiter is an electronic valve, which possesses
a saturation current. A vacuum photoelectric cell might be

used for this purpose, the saturation current being controlled

and varied by the illumination of the cathode; but it is

generally more convenient to use a thermionic diode, in

which the temperature of the cathode is controlled by the

current heating it. (Any triode can be converted into a

diode by simply joining grid and anode together.) So long
as the voltage between the electrodes of the diode is suffici-

ently high and the emission from the cathode sufficiently

small, a current will flow through the diode determined

entirely by that emission and controllable by the filament

circuit. In place of a current-limiter of this kind, setting a

definite upper limit to the current that can flow through the

circuit, an ohmic resistance might be used with much the

same result,, if its resistance were so high that the voltage

drop across it was always large compared with that across

the cell; but the prinoiples involved are clearer if the

79
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saturated current-limiter is used, and in practice it is more
convenient.

Intermittent and Continuous Currents.

Suppose then that a thermionic current-h'miter is placed
in series with a gasfilled photoelectric cell, as shown in

Fig. 18, that a large potential E is applied to the circuit,

Photo-electric
cell

Thermionic
valve

FIG. 18. USB OF A CURRENT! LIMITBB

and that the filament current of the liniiter is adjusted so

that the saturated current is i. Then, if there is a point
with an ordinate i on the voltage characteristic of the cell

for the particular illumination to which it is subjected, a

steady current i will flow through the cell; the voltage
across it will take up the value Ei} corresponding to i, on
the characteristic

;
and the balance of the voltage, EQ

- JEi}

will be taken up by the current-h'miter. (We see now what
is meant by a "large" potential E ;

it must be such that

Eg E^ is always sufficient to saturate the current-limiter.)
But there may be no point with an ordinate i on the char-

acteristic of the cell; for the greatest value of * on the

characteristic is that corresponding to E^, the glow potential ;
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this we shall call %. i: increases with the illumination, and
can always be made less than i by decreasing the illumina-

tion. What will happen when i > i1} and there is no voltage
which can send steadily through the cell the current that

the limiter permits to pass ?

The answer is that an intermittent current will flow, of

which the mean value is i. There is always a capacity G
(Fig. 18) in parallel with the cell, even if no condenser is

added ;
for the electrodes of the cell form a condenser. When

the current i is switched on, will begin to charge up, and
will continue to charge up till the voltage across the cell

reaches Ev Then a glow discharge will pass through the

cell carrying a current */ which is very much greater than

iv If (as we shall suppose at present) i lies between i and

%', now begins to discharge, because the current i/ flow-

ing out of it through the cell is greater than the current i

flowing into it from the current-h'niiter. The current will

continue until the voltage across the cell falls to the stopping

potential Ez ,
and the current to some value i z

'

corresponding
to this potential in the glow discharge. If (as we shah

1

assume) i 2

'

}
as well as %', is greater than i, the glow discharge

must now cease, for the current passed by the limiter cannot

maintain it
;
when it ceases, the current falls to * 2 ,

the value

corresponding to Ez on the voltage characteristic of the cell
;

since i z is less than % and, therefore, less than i, G begins to

charge up once more and the cycle is repeated.
The process may be illustrated by extending the voltage

characteristic of the cell. Hitherto this has been confined

to potentials less than J5715 so that the current is controlled

by the illumination. But there is also a definite relation

between current and voltage when the potential exceeds H1

and the glow discharge is passing; this relation, which is

represented by the upper part of the limiting curve in Fig. 14,

is another part of the characteristic. These two parts are

usually distinguished as the Townsend and the glow char-

acteristics
; Fig. 19, which is a reproduction of part of Fig. 14,

shows the glow characteristic and the Townsend character-

istics for a large and a small illumination in a plane cell.

The current i determined by the current-limiter may be

represented by a straight line XX. If this cuts either the

Townsend characteristic or the glow characteristic a constant
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current flows through, the cell; but if it lies between them,
as shown, a constant current cannot now; the cycle just

130 HO 150 160 170 180 190 200
Volts .

FIG. 19. CONDITIONS FOB INTERMITTENT CURRENT

270

described will occur; the point representative of the state

of the cell will pass up the Townsend characteristic to A^
or A z (according to the illumination), jump across to B-^ or

J52) travel down the glow characteristic to (7, and jump back
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to the Townsend characteristic at D or Z) 2 . The condition

that the current shall be continuous is that XX lies above
the upper or below the lower dotted line, this latter varying
with the illumination

;
the condition that the current shall

be intermittent is that it lies between them.

The Critical Illumination.

Intermittent discharges of this kind can be made to occur

in any discharge tube by placing a condenser across its ter-

minals and limiting the current in the exterior circuit. They
have been closely studied in neon lamps, and put to a variety
of practical uses. The difference between the "flashing"
neon lamp and the gasfilled photoelectric cell in this matter
is that the cell possesses a definite Townsend characteristic,

variable with the illumination. As the illumination increases,

the whole characteristic rises and the distance between the

horizontal lines diminishes. If then the current-h'miter is

set so that XX lies between these lines at a small, but not
at a large, illumination (e.g. so that it lies at X'X'), increase

of the illumination on the cell will make the lower line rise

above.XX, which will then cut the Townsend characteristic.

This means that i can be set so that the current through the

cell is intermittent if the illumination is small, but becomes
continuous if the illumination is sufficiently great. The

change from an intermittent to a continuous current can

easily be detected, e.g. by means of a telephone placed in

the circuit
;
the intermittent current will give rise to a series

of clicks, but when the current becomes continuous, there

will be silence. Here, then, is another way of using a photo-
electric cell to detect light, which has some very important
uses.

In these uses it is important to know the relation between

L, the illumination of the cell, and the critical value of i at

which the change between a continuous and an intermittent

current occurs. According to the simple theory of the matter

that has just been expounded, this value is ix ,
the current

at the glow potential E: . But the relation between this % and
L is given by the dotted curve in Fig. 15

;
if the simple theory

were true, the same curve ought to represent the relation we
seek between L and the critical value of i. This curve is

reproduced dotted in Fig. 20, which shows also the relation
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determined experimentally for the same cell. The two curves

are very different. In the experimental curve there are no
values of i at all corresponding to illuminations below one
limit or above another limit, while between these limits there

are in general two values of i corresponding to the same L.

Let us examine the meaning and cause of these discrepancies,

7

0-07 0-02
L (illumination)

FIG. 20. RELATION BETWEEN CURRENT AND CRITICAL
ILLUMINATION IN A PLANE CELL

0-03 fa amp)

and inquire what elements have to be added to the theory
to explain them.
For this purpose it will be convenient to invert the rela-

tion in our minds and consider the critical illumination L
that is required to make a given current i change from
intermittent to continuous, rather than the critical current
at which the change occurs for a given illumination

;
that is

to say, according to the ordinary convention, Kg. 20 must
be turned through a right angle, so that i is the abscissa and
L the ordinate. We start then with small values of i. Here
there is no critical illumination, for, even when the cell is

dark and, according to Fig. 15, % = 0, the current through
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the cell is continuous and not intermittent. The reason for

this discrepancy lies in our neglect of the corona discharge,
which gives rise to the dark current. If the conditions are

those supposed to prevail in Fig. 15, and the resistance in

the exterior circuit is small, this current is so small as to

be inappreciable on the scale of that diagram. But the

greatest current that the corona discharge can carry increases

with the exterior resistance the theory of the matter is so

obscure that no reason for this increase can be given and
when the very large resistance represented by the current-

limiter is present, it rises to much higher values. The cur-

rent is continuous even when there is no light ;
there is no

critical illumination, and the curve of Fig. 20 does not start

until i exceeds i e ,
the greatest current that the corona dis-

charge can carry.
A further complication, not shown in Fig. 20, enters for

the same reason
;
i e depends on the capacity in parallel with

the cell, decreasing as the capacity increases up to a certain

limit. Accordingly, the point at which the curve of Fig. 20

starts and its initial course are influenced by the capacity C.

The value of C in Fig. 20 is supposed to be the least that

reduces i to its minimum
;
this is

1 about 100 /ujuF ;
if C were

reduced, the curve would not start until a still higher value

of i was reached.

When light is thrown on the cell, the photoelectric current

is added to that carried by the corona discharge. Possibly
there is some interaction, so that the total current is not

exactly the sum of those which would flow in the absence

of one or the other
;
but this possibility may be neglected.

Accordingly, once the curve starts, it follows roughly the

course of the curve of Fig. 15
;
L rises with i, but the value

of i corresponding to any L is greater than in Fig. 15 because

i includes a larger corona discharge.

If, however, i is increased still further, an entirely new

departure from the simple theory appears. A maximum of

the critical illumination is reached, and thereafter L de-

creases 'as i increases. This is because i 2 '> the current at

which the glow discharge stops is not, as we have assumed,

independent of L; as L is increased, iz
'

decreases, though
the decrease is not easily detected except when the current

in the exterior circuit is limited. Increase of L in Fig. 19
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not merely raises the lower dotted line, it also lowers the

upper dotted line; the current may become continuous,
not because the lower line rises above XX, but because the

upper line falls below it. The
maximum critical illumination

occurs at the value of i, such

that XX is at the level where
the lower and upper lines meet
as the illumination is increased.

For small values of i the critical

illumination is that at which
the lower line reaches XX ;

this

illumination increases as XX
is raised. For large values of i,

it is that at which the upper
line reaches XX

;
this illumina-

tion decreases as XX is raised.

The curve of Fig. 20 finally

terminates, as explained before,

when i is so great that XX
reaches the upper line of Fig.
19 even when there is no illumi-

nation, so that the glow dis-

charge can pass even when the

cell is dark.

Figs. 19 and 20 refer to a

plane cell. If we substitute a

spherical cell, the general nature

of the relations is really un-

altered; but once more there

is a change of degree which

appears experimentally as a

change of kind. In the first

place i is very much smaller, and the curve of Fig. 20 there-

fore extends to very much smaller currents and critical

illuminations. Fig. 21 gives the corresponding curve for a

spherical cell, the part shown being that for currents so

small that the corresponding part does not exist at all in a

plane cell
;
we shall see later that this is the part important

experimentally. (Here, again, L is measured by the saturated

current which the illumination would give if the cell were

xW amp.

FIG. 21. RELATION BETWEEN
CURRENT AND CRITICAL

ILLUMINATION nsr SPHERICAL
CELL
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evacuated.) However, there is still a small corona discharge
and a minimum i a below which the curve does not exist at

all, but it is so small that it is not visible at all on the scale

of Fig. 21
; moreover, this value, and the form of the early

part of the curve, varies with the capacity G in the manner

already explained.
In the second place, there is no definite maximum critical

illumination. If it existed, it would be expected at a much
higher value than in the plane cell, because the upper dotted
line of Fig. 15 lies at much higher currents. Actually, the

critical illumination increases continually with i until values

much greater than those of Fig. 20 are attained, and the

curve finally terminates before the upper dotted line is

reached, because the changes become irregular and irre-

versible
;
the current can be changed from, intermittent to

continuous by increasing the light sufficiently, but it does
not become intermittent again when the light is turned off.

The same thing happens to a minor degree in the plane cell

on the upper branch of the curve of Fig. 20. But these

matters are of no consequence for the purpose, because the

illuminations at which they occur are beyond the practical

range ;
for all important illuminations L increases regularly

with i in the spherical cell.

The Period of Intermittence.

So far we have only distinguished intermittent from con-

tinuous current, and have said nothing of the frequency of

intermittence or the period of the cycle. This period is made
up of two parts. During the first, C is charged up from E z

to E-i by the difference between the current i, and the

current i', varying with E, which leaks through the cell.

Consequently

so that, if we write i
1

f(E), the period TI; occupied by this

part of the cycle, is given by

(12}( }
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In the second part of the cycle, the condenser C discharges ;

if the current flowing through the cell is now i f^E], the

period is similarly

The complete period is r = TX -f- T2 , but fi(JE) is always much
greater than /($), and, though f(E] is less than i, f^E) is

much greater when i is small. Then rz will be very small

compared with rl5 and we may identify r with r^.

If the simple theory of page 81 were true, f(E] would be
zero when the cell is dark, and we should have

> ..... (H)V

Actually this is not true, because f(E) rises to i c even when
the cell is dark. This does not affect the conclusion that T

increases with C and decreases with *
;
but T calculated from

(14) will be less than the actual value. The effect of illumina-

tion is to increase f(E), but to decrease E^ ;
these effects

work in opposite directions, but actually, for small currents

and illuminations, the second is the greater and r is increased

by illumination,, becoming infinite when the critical illumina-

tion is attained and the intermittence ceases. Fig. 22 shows
the relation between r and L in the spherical cell to which

Fig. 21 refers for two values of i
;
it should be observed that

T varies much more rapidly with L when i is small. The

capacity was here lOO^/d?
1

;
the value of r indicated by (14)

is marked by a cross on the axis of T.

In the plane cell the corresponding curve would not start

at all until L attained much larger values, and the greatest
value of T would be much less. But the relations for the

plane cell are more interesting when i is large, corresponding
to a point 011 the upper branch of the curve of Fig. 20. Here
the first of the two effects of the light becomes more impor-
tant

; increasing illuinination reduces so greatly the difference

of potential (E^
- E z ) through which C is charged and dis-

charged that it decreases the whole period r
; light makes the

frequency of intermittence greater, and, when the critical

illumination is reached, the intermittence vanishes because
its frequency has become infinite and its period zero. The



INTERMITTENT CURRENTS 89

process is too complicated to be treated theoretically, but
the facts are perfectly plain ;

when i is small, the period of

intermittence increases, and the frequency decreases, with

1-0

0-8

\0-6

FIG. 22. VARIATION WITH ILLUMINATION OF PERIOD OF
INTERMITTENT DISCHARGE IN SPHERICAL CELL

illumination
;
when it is large, the period decreases and the

frequency increases. Between these two ranges there is one
in which the period is almost independent of the illumina-

tion, and when the critical illumination is reached, the inter-

mittence ceases without any marked change in frequency.
There are the same three ranges in the spherical cell; but
for the reason already explained only the first is important.

7 (5619)



CHAPTER VIII

THE CHOICE OF A PHOTOELECTRIC CELL

Vacuum and Gasfilled Cells.

THE main considerations that should determine the choice

of a cell for any particular purpose are set forth in the pre-

ceding chapters ;
a few minor considerations will be discussed

more appropriately later, together with the uses to which

they are relevant. But a summary of the conclusions to

which they lead may be useful.

The great majority of cells offered for sale are gasfilled

cells, and for many important uses no others are worth con-

sideration, but it cannot be insisted too strongly that vacuum
cells have every advantage over gasnlled cells except that

of sensitivity. If it is possible, by increasing the amount of

incident light, to obtain the current that is desired from a

vacuum cell, or if, by improving the means of utilizing cur-

rent, the output from a vacuum cell can be made adequate
for the work in hand, then no thought of gasnlled cells should
be entertained. Vacuum cells are instruments of precision
and beautifully simple to handle

; gasfilled cells need skilled

handling, and are never wholly trustworthy.

Vacuum Cells.

The emission, determined by the cathode material, is the
main consideration

;
here the data of Chapter IV are decisive.

For most work in the visual spectrum, the potassium cell or

one of the thin film cells are the best.

But there are some secondary considerations. Thin film

cathodes are certainly more constant in their emission over

long periods than thick layers, and are therefore preferable
for highly accurate work. The slow and irregular variations
of thick layers in vacuum cells are probably due largely to

temperature changes which cause distillation of the surface

layers from one part to another; though temperature has
little direct effect on emission, it has an indirect effect and
changes of temperature are therefore to be avoided.

90
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In choosing the form of the cell the advantage of a cathode
that does not form part of the wall is very material (page

5), and need not be counterbalanced by any disadvantage.
A field as uniform as .possible between the electrodes leads to

lower saturation voltages. The spherical type is undesirable

for both these reasons, and does not seem to gain anything
material from the application of the black-body principle

(of. page 8) ; moreover, that principle can be employed by
placing a reflecting enclosure outside the cell rather than
inside.

Since the currents are small, insulation is very important
in vacuum cells. Internal guard rings are desirable, but not

absolutely necessary in potassium or sodium cells. Caesium

and, to a less extent, rubidium are very apt to form con-

ducting films on the glass; cells filled with these metals

should always have guard rings, which, however, do not

prevent leakage between the "insulated" electrode and
earth. Caesium in thick layers has no advantages as .a

cathode except for very special purposes; if it had, this

defect would be important. In cells with thin films of

caesium as cathode this defect is less prominent; for the

excess of the metal, which would form films on the glass, is

removed. External insulation is, of course, equally impor-

tant; external guard rings can be provided by wrapping
wire round the cell between the two electrodes; the inclu-

sion of both electrodes in a single "cap" is not desirable,

though high insulation can be maintained by suitable methods

of capping.

Gasfilled Cells.

In a gasfilled cell, the sensitivity is determined by the

"effective emission," which is the product of the emission

and the magnification. We must first notice that these two
factors are not completely independent, as might be con-

cluded from our previous discussion.

With electrodes of given form immersed in a given gas
at a given pressure, the magnification at all lower voltages
is the same whatever the cathode material; but the glow

potential depends on that material ;
the maximum magnifica-

tion will be greater the greater the glow potential. Sensi-

tized potassium gives a rather higher glow potential than



92 PHOTOELECTRIC CELLS

unsensitized potassium, and both a higher glow potential
than caesium. Among these three materials the maximum
magnification increases with the emission for white light,

and the differences in effective emission are even greater
than those shown in the table on page 44. But the rule

is not general; sodium has a rather higher glow potential
than potassium, and so have the metals suitable for use in

the ultra-violet.

Again it must be remembered that the glow discharge
in a gasfilled cell may alter the emission; in some cells it

increases it (page 40) ;
this effect seems greater with sen-

sitized potassium than with any other cathode. On the

other hand, thin film cathodes are usually, if not always,

damaged by the glow discharge or, indeed, any large cur-

rent through the usual filling gases (helium, neon, argon) ;

if they are used with such gases, magnifications must be

kept low in order to avoid damage. The potassium, on cop-

per cathode can be used with a filling of hydrogen, the dis-

charge through which is harmless
;
but this is inconvenient,

since the hydrogen is continually absorbed, and the filling

has to be renewed constantly through a palladium, tube.

The results of these interactions between the two factors

determining effective emission is to improve the position of

the sensitized potassium cathode as against all others. If

white light is to be used, it is preferable to all others in gas-
filled cells

; but, as was pointed out before, new developments
may change the position. In the ultra-violet, so far as is

known, the effective emissions of different cathodes stand in

the same order as their true emissions.
*

Next we have to consider the influence of the type of cell

on the magnification. (The type may affect also the emission

(page 24), but its influence is relatively unimportant.) In

Chapter VI we were concerned with the maximum magnifica-
tion, and in this matter there are certainly great differences

between the various types. But it is important to insist

that the maximum magnification is obtainable only in care-

fully controlled conditions and that, if moderate magnifica-
tions are sufficient, they can be obtained with any reasonable

type. Makers do not claim generally a magiiificatioi* of more
than 10

;
and in this they are wise ; for, though their cells

will actually achieve more, a more ambitious claim would
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mislead all but highly-skilled users. If their claims are so

limited, they are always justified, whatever the type.
Most cells on the market are intermediate in type between

the two extremes discussed in Chapter V, and intermediate

in performance. The field due to the potential between the

electrodes is more uniform than in the large spherical type,
but less uniform than in the plane type. The characteristics

are steeper than those of the plane type and the critical

illumination of page 83 larger, but less steep and smaller

than in the spherical type. We believe ourselves that the

plane type is the best, except possibly for very small lights,

when the dark current is important; but since most other

makers do not adopt it, there must be strong arguments on
the other side. They have important advantages when inter-

mittent currents are used with moderate illuminations (see

page 159). Sizes differ very considerably as well as types.
Good cells are- offered in spherical bulbs between 10 and 3 cm.
in diameter, and in cylindrical bulbs varying in length from
15 to 3 cm., and in diameter from 4 to 1 cm. Smaller cells

are not satisfactory in our experience, and in the smallest

of these some sacrifice seems to have been made. Larger
cells are only suited for special purposes, and are usually
far from uniform over their area.

Considerable variations are also to be found in the glow
potential and stopping potential in virtue of different gases
and different pressures used for filling. The glow potential
in the dark usually lies between 300 and 120 volts, the

stopping potential between 200 and 100. Low potentials are

often adopted on the ground of convenience
;
but high

magnifications, a long range of linear response, and low
critical illuminations (see page 83) are favoured by high

potentials. Potentials are generally higher in the spherical
than in the plane type.

Although there is thus great latitude in type, and size of

cell consistent with satisfactory performance, there is much
less latitude in the type and size that will give absolutely
the best performance in any given circumstances ;

and again
we deprecate the habit of designing apparatus without re-

gard to the photoelectric cell, and then demanding a cell

that will fit into some confined space that has been left for

it, almost accidentally.
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Testing Cells.

The following series of tests, interpreted in the light of

our discussions, will enable the quality of a cell for most

applications to be judged.
1. Measure the current when exposed to a known light

with a potential of 16 volts applied to the cell. This is an

indication of the emission.

2. Repeat (1) after passing the glow discharge, unless the

cell is known to be damaged by this process.
3. Determine the voltage characteristic with four con-

stant lights of about 0-001, 0-01, 0-1, 1 lumen.

4. Test the insulation and dark current.

Making Cells.

Though commercial cells are now good and not very ex-

pensive the ordinary types are priced at 5 or less those

who are practised in glass-blowing and vacuum technique

may prefer to make their own. Those who are not so prac-
tised had better acquire their experience in some other field.

Elaborate accounts of the process have been published ;
here

we propose to offer only a few hints on matters concerning
which doubt might arise.*

For the glass work a borosihcate glass (e.g. Pyrex) is pre-
ferable

;
when the art of handling it has been acquired, it

is easier to work than any other glass. Lead glass cannot

be used with the alkali metals, which attack it. Lime-soda

glass is possible, though some foi-ms crack when sodium is

heated in contact with them
;
it is mechanically weak and

liable to crack, but its gravest fault is its high electrical

conductivity and the readiness with which it acquires con-

ducting films of moisture.

For silvering we recommend Brashear's solution
;
it stands

the high temperature during exhaustion better than others.

Sodium is apt to destroy the silver coating ;
if it is to be used,

it is better to use platinum, or to protect the silver with a

layer of electrolytically-deposited copper. The tungsten or

* See E. O. Hulburt, Astrophys. Journ., xli, 400, 915; J. Kunz and J.

Stubbing, P/iys. Rev., vii, 02 (1910); H. E. Ivos, Bell System Tech. Journ., v,

320 (L926). ; W. B. Nottingham, Journ. oflheFrankUnlnst., 205, 637 (1928).
The method of making potassium on copper cathodes is given in British

Patent 300996,- that of making caesium on silver oxido cathodps in British

Patent 303476.
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molybdenum wires sealed through borosilicate glass do not

readily make contact with chemically-deposited silver ; they
should, therefore, terminate internally in a short piece of

platinum wire pressed into contact with the glass before

silvering. Parts of the cell that are to be kept free from

silver and yet must be covered by the silvering solution

should be coated with beeswax (not paraffin wax), subse-

quently dissolved in benzene. If a quartz window is re-

quired, it can be attached with cement
;
a graded seal from

quartz to glass is preferable, but the objections to suitable

cements are not so great as might be anticipated.
It is not necessary to heat the electrodes, in order to

remove gas, to a temperature higher than that reached

during exhaustion.

The alkali metals (except lithium) and cadmium or zinc

are best introduced by distillation from a tube, the bottom
of which protrudes from the oven during baking. Sodium,

potassium, cadmium, zinc, may be introduced as metal.

Kubidium and caesium, which cannot be wasted, are most

conveniently introduced as azides, which decompose quietly

on heating in vacuo to about 350 C. ; they are not to be

decomposed until just before filling. Alternately, they may
be generated by heating mixtures of the chlorides with

calcium or of the bichromates with the mixture of the rare

earth metals known as misch metal. Sodium can be intro-

duced by electrolysis through appropriate glasses, and the

same process has been described for potassium ;
but we are

not aware that it has any advantages.*

Many writers place great stress on the necessity for puri-

fying the metals very carefully, e.g. by repeated distillation.

These precautions may be necessary as one step in the pro-

cess of obtaining the metal in its state of highest emission ;

but it must be remembered that this state is not. itself one

of great purity; the purest (or at least the most gas-free)

state attainable is almost completely insensitive to the

visible spectrum (see page 30). Some purification can be

effected after the metal is in the cell by distilling it from one

* Tlio electrolysis of sodium, through glass was invented by Warburg

(1881); it is used in the Burt cell. (See H. C. Burt, Phil. Mag., xlix, 116E

(1025). For the -!-->-!' ithod with potassium see British Patent

271116. A meth > . ..! ' lithium into cells is given by E. Seller.

Astrophys. Journ. Hi, 129 (1920).
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part to another. The parts that have to be free from the

metal are, of course, cleared by heating, so that the last

layer deposited is almost always one distilled in this way.
The great variations in emission between cells prepared in

apparently exactly the same way are probably connected

with the exact conditions prevailing when the metal is

finally driven into its proper place.
The hydrogen used for sensitizing should be free from

nitrogen, but a trace of oxygen is not serious. A palladium
tube, such as was used on gas X-ray tubes, is the easiest

method of introduction. The pressure and current during
sensitization can vary within wide limits without making
much difference to the results

;
we prefer nearly the highest

pressure at which the discharge will cover the whole cathode.
There is often no advantage in continuing the discharge
after the full colour change has occurred; but we are not

prepared to say that the time of the discharge may not
sometimes be important. Trial is here the only guide ;

the
final activity is not attained until many hours after the

discharge, and readings taken immediately after it may be

misleading. No very great care is needed to pump away the
last traces of hydrogen before filling with neutral gas.
The usual filling gases are argon and the mixture of neon

and helium from air. Argon gives the lower glow potentials,
but is less easily purified. Commercial argon usually con-
tains more than 10 per cent of nitrogen, which may be re-

moved easily by arcing with a cathode of misch metal in
an iron cup. Here, again, great weight is usually laid on
the purity of the gas; but we know of no evidence that
extreme purity is essential. The pressure is fixed largely by
the glow potential desired. On this matter see page 61;
of course, it must never be so low that the current tends to
saturation at high voltages.



PART II

THE USE OF PHOTOELECTRIC CELLS

CHAPTER IX

SOME GENERAL PRINCIPLES

Detection, Comparison, and Measurement.

THE objects and methods of using photoelectric cells are

many and various. But there are certain elements common
to all of them. It will save time if we begin with some very
general considerations, although they may seem at first sight
too abstract for a practical handbook.*

In every application we are concerned with variations in

some ultimate cause L, which is related to variations in

some immediate effect y through the action of the photo-
electric cell and its subsidiary apparatus. Thus L may be

the luminous flux from a lamp, y the position of a spot on
a galvanometer scale

;
or L the reflecting power of some

object scanned in television, y the brightness of a neon tube
;

or L the colour of an indicator in volumetric analysis, and

y the note in a telephone ;
and so on. By studying the possible

forms of the relation between L and y we can classify the

objects of various applications and the methods available

to attain them, and can establish criteria to decide how far

each class of method is suitable for each class of object.

We begin with objects. These we may classify as detec-

tion, comparison, and measurement. Our object is detec-

tion, if we merely wish to distinguish whether L lies within

or without certain limits; it is comparison, if we wish to

decide whether one L is the same as some other L; it is

measurement, if we wish to distinguish every L from every
other different L, and to assign numerals to represent the

differences. The achievement of these three objects imposes

* For a comprehensive description of the principles tmdtrlyirg all

measurement, perhaps we may refer the reader to N. B. Cair^tf J],

Measurement and Calculation (Longmans, Green & Co-., London, 1928).
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conditions of progressively increasing stringency on the rela-

tion between L and y. If the object is detection, it is suffici-

ent that every y corresponding to an L within the limits is

distinguishable from every y corresponding to an L without
them. If it is comparison, it is necessary further that no
two L's should correspond to the same y, but it is not neces-

sary that no two y's should correspond to the same L.

Measurement consists in measuring y and making use of a

numerical law between L and y ;
then the relation between

L and y must be expressible mathematically by an analytic
function or graphically by a smooth curve, and (in practice)
the function or the curve must have one of a few simple
forms.

The recognition of these differences is important, because

greater stringency in one direction often necessitates less

stringency in another, or at least some loss of convenience.
If our object is measurement, we cannot expect the latitude

of choice possible in detection
; if, on the other hand, we

merely want to detect, it is unwise to hamper ourselves by
the limitations required for measurement.
But though the three operations are distinct, both com-

parison and detection can lead to measurement. Thus, if

we have at hand a sufficiently large collection of systems of

which the L's have already been measured, we can measure

any other system by comparing it with the standard systems
and deciding which of them has the same L. Again, detec-

tion can usually be associated with control
; y can consist in

the operation of some mechanism which is started or stopped
according as L falls within or without the limits

;
almost all

the problems of detection that we have to consider are really
problems of automatic control. Now the mechanism con-
trolled can often be arranged to alter L so that it falls at

the boundary of limits, measure it by the amount of

alteration required, and to record the measurement. Many
problems of measurement are thus really problems of

comparison or of detection
;
more than a superficial analysis

is required to classify them. We shall often use the term
measurement, for the sake of brevity, to include both
comparison and detection when no confusion is likely to
arise

;
but we hope to preserve the distinction whenever it

is material.
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Sensitivity.

We now turn from objects to methods". /These^
tinguished by the nature of their y's, anU---.gf

/

''lfSe-*s.fter-

mediaries connecting them with L. But before we discuss

this aspect, let us consider some desirable qualities of

methods.
Whether the object be measurement, comparison, or

detection, an important quality of the method is sensitivity.
This word is often used loosely with many slightly different

meanings ;
when a precise and definite conception is required

it is better to use the sensitivity limit. (It is unfortunate
that the smaller sensitivity limit corresponds to the greater

sensitivity in the ordinary sense; but this anomaly is un-
avoidable except at the expense of verbal clumsiness, and,
once it is observed, need cause no confusion.) The sensi-

tivity limit (AL) of a method of detection is the least differ-

ence between two L's lying on opposite sides of the limit of

detection; of a method of comparison, the least difference

between two L's that can be judged different
;
of a method

of measurement, the least difference between two L's to

which different numerical values are assigned. The concep-
tion may be usefully extended also to the y's, and to any
magnitudes intermediate between L and y in the chain of

cause and effect. Thus the sensitivity limit (Ay) of y is the

least difference between two y's that can be directly distin-

guished; and if y is the scale reading of a galvanometer
actuated by the currents through the cell due to its illumina-

tion, Ai is the least difference between two currents that the

galvanometer will distinguish.
These sensitivity limits for a given method are, of course,

related, though not so simply as might appear at first sight.

It is not always true, e.g., that A.L = Ay . -v-
,
where dL/dy

y
is determined by the average rate of change of L with y.

For the change of y with L is not always perfectly regular ;

if the value of y corresponding to the same L is determined

repeatedly, slightly different values of y will usually be

obtained. If A 2y is the extreme difference of the y's corre-

sponding to the same L, it is not really possible to distinguish

between L's differing by A 2L = A 2y . -j-. If A 2y is greater
ay
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than Ay, the effective sensitivity limit is greater than the

ideal sensitivity limit A^ = Ay . -7, and must be distin-
dy

guished from it; the true AL is the greater of A
a
jL and

A 2L. This is very important. For Ay is determined by the

type of indicating instrument and the class of method

employed; when this is fixed, AXL decreases as dyjdL is

increased; hence in comparing methods of the same class,

dyfdL is sometimes called the sensitivity of the method,
and it is suggested that an increase in dy/dL is necessarily
an improvement in effective sensitivity. But this is not so :

for A 2y almost always increases with dyjdL ;
A 2L cannot be

reduced, and may even be increased, by increasing dy/dL.
No increase in precision results from increasing dy/dL beyond
the point where A 2Z/

= AjZ/, and the effective sensitivity
limit is determined by the irregularity as much as by the

sensitivity limit of the indicating instrument.

Accuracy.

Just as we have distinguished ideal and effective sensi-

tivity, so we must also distinguish accuracy from sensitivity.

Inaccuracy, sometimes called systematic error, arises when
the assumptions underlying the method (namely, that the

conditions of page 98 are fulfilled) are not strictly true. It

is most frequent and most serious in measurement when it

involves the assumption that the law relating y and L has
some particular form, e.g. that it is linear. It may also

occur in comparison ;
for disturbances, e.g. a change in the

emission of the cell, may lead to regular variations of y for

a given L ;
or it may arise in the part of the chain of cause

and effect prior to L. In detection it is seldom important.

Inaccuracy may be masked by insensitivity ;
if the, greatest

error E in determining L from y due to a failure of the

assumptions is less than the effective sensitivity limit (AI/),
then inaccuracy is unimportant. Otherwise, since it is

always avoidable by a suitable choice of method, it ought
never to be tolerated unless precision (which is the result

of sensitivity and accuracy) is being deliberately sacrificed

to some other desideratum, such as speed or simplicity of

apparatus.
The sensitivity limit and the error depend on the magnitude
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of L as well as on the method of measurement, com-
parison, or detection; in general they increase with that

magnitude. On the other hand, &L/L and E/L, which may
be called the relative sensitivity limit and relative error,

generally decrease as L increases. But there are important
exceptions to both these statements.

Null Methods.

Particular advantages often attach to methods of detec-
tion in which a value of y at or near zero forms the boundary
between the two ranges to be distinguished, and to methods
of comparison in which such a value is made to correspond
to the standard with which the comparison is to be made.
One of these advantages is increased sensitivity of the kind
that results from a suppressed zero in a direct reading
instrument. Thus, if we compare resistances by means of a

bridge rather than by the deflection of a galvanometer
carrying the full current passing through the resistance, we
are enabled to use a more sensitive galvanometer. But there

is also a gain in the kind of sensitivity that results from,

regularity, because the variations of the battery voltage are

eliminated; this gain arises from the choice of a suitable

method of compensation in order to reduce the reading to zero.

Strictly speaking, there is no such thing as a null method
of measurement

;
for if we are to deduce varying values of

L from the values of y, y must vary. The distinction between
null and direct reading methods lies in the choice of the

magnitude which plays the part of y. Thus in the direct

reading method of measuring resistances, y is the deflection
;

in the null method, y is the resistance inserted in the com-

pensating arm of the bridge, the deflection being reduced to

a condition determining which value of y is to be taken as

corresponding to L. The substitution leads to a gain in

sensitivity, as it does in the associated methods of detection

and comparison ;
but the more important gain is in accuracy.

There is no difference in accuracy between the two methods

we are considering if they are used strictly for comparison ;

if the resistances to be compared are always inserted in the

same place in the testing circuit, equal resistances are

strictly equivalent whatever the circuit. But in measure-

ment the balancing arm of the bridge ceases to be a mere
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compensator ;
it provides the standard. The bridge is more

accurate than the direct reading method, because the law

that the resistances in corresponding arms are proportional
is more nearly true than the law that the resistance is

inversely proportional to the deflection.

This gain in accuracy is not a necessary consequence of

using a null method
;
it is a consequence of using a particu-

lar null method in which the result of compensation is the

substitution of a more accurate for a less accurate law

between L and y. If they hav"e not this feature, null methods

lose all their merit in measurement. A general rule can be

framed by which it is usually possible to decide how far a

proposed null method possesses this necessary feature ;
it is

that a method of measurement is the more likely to be

satisfactory the more nearly it approaches to comparison,
and the more nearly the compensating magnitude resembles

that to be measured. The bridge method of measuring resist-

ances is so valuable because the compensating magnitude is

also a resistance ;
when the ratio arms are equal, measure-

ment by inserting an equal resistance in the compensating
arm comes very close to comparison by substituting it in

the same arm.

Classification ol Methods.

Let us now classify methods in another and, perhaps,
more directly practical way, namely, by the nature of L
and y and their intermediaries.

First, we note that one link in the chain must always
be the quantity of light entering the cell

;
for it is this that

determines all changes in its characteristics. We shall break
the chain at this point, and regard as distinct questions how
the ultimate cause L determines this quantity of light, and
how the quantity of light determines the immediate effect.

The first question is really that of the various applications
which can be made of photoelectric cells, and the kind of pro-
blem that they can be used to solve

;
it will be the subject of

Part III. The second is that of the ways in which photo-
electric cells can be used in order to solve these problems.
For the remainder of this part then L is the quantity of

light entering the cell, and we have to consider only the

relation between this quantity and the immediate effect y.
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In the great majority of ways of using cells, one link between
our new L and y is the current passing through the cell

under a constant (or nearly constant) voltage ;
all ihese ways

of using cells reduce on analysis to ways of measuring cur-

rent. Methods of measuring current fall naturally into "two

main groups, according as they employ electromagnetic or

electrostatic instruments. Accordingly, classes into which
methods of using photoelectric cells fall naturally are (1)

methods in which current is measured electrostatically, (2)

methods in which current is measured electromagnetically,

(3) methods in which some characteristic of the cell is

measured other than the current under a constant voltage.
These three classes are the subjects of the following three

chapters.

The Compensation of Current.

Any matters common to all methods should, however,
first receive our attention. Most of these are too trivial to

mention
;
but a word may be said about a problem common

to all methods of measuring current, namely, the use of

compensating arrangements which convert direct-reading
into null methods.
In measuring currents in circuits containing ohmic resist-

ances only, it is usual to compensate by another ohmic

circuit; the various types of bridge are based on this prin-

ciple. This type of compensation may be applied to photo-
electric cells by means of the circuit of Fig. 23

;
the current

in the compensating circuit is varied by means of R or E,
until no current flows to the indicating instrument G. An
obvious development would convert the circuit into a 4-arm

bridge, of which the cell would form one arm, but little

would be gained thereby. For according to the general rule

of page 102, this form of compensation, though right for

ohmic circuits, is wrong for those that are not ohmic; and

actually its useful applications are very limited (cf. page
113). The special merit of the bridge arrangement, namely,

independence of the battery voltage, is not obtained when
one of the arms of the bridge is not an ohmic resistance.

The more generally useful forms of compensation are those

in which the compensating current is also of photoelectric

origin. Here, then, are two possibilities; the currents that
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are balanced against each, other may come from different

cells, or they may come from the same cell. In either case

the balance is effected (for the main part at least) by adjust-

ing the lights that produce the currents.

The circuit appropriate to the first alternative is shown
in Fig. 24, being as usual the current-indicating device,

and r protective resistances (see page 64) ;
it is essentially a

bridge. If the two cells have the same voltage characteristic

and are used at the same voltage, the balance will be indepen-
dent of small variations in the battery voltage. Even if they

FIG. 23. COMPENSATION" METHOD
USING OHMIC RESISTANCE

FIG. 24. COMPENSATING CIRCUIT
USING- Two CELLS

have not the same characteristic., the use of a common battery
shunted by r1 makes the balance less liable to accidental

fluctuations than it would be if separate batteries were used.

If constancy of the battery can be ensured, r1 may be used

in another way, namely, as a fine adjustment of the balance
;

a movement of the sliding contact will displace the balance

while the lights received by the two cells are constant.

This method of adjustment is especially useful if vacuum
cells are used and the photoelectric currents are nearly satur-

ated. Indeed, the whole circuit is primarily adapted for

vacuum cells
;
for it is not easy to find pairs of gasfilled cells

sufficiently well matched in their, characteristics to give the

advantages that the method should possess. In particular it

should be noted that, since the characteristic of a gasfilled

cell varies with the illumination, a pair of cells matched at

one illumination may not be matched at another, and that

even when the arrangement has been adjusted at one illum-

ination so that a balance indicates equality of lights falling
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on the cells, balance at another illumination may not indicate

equality.
In the alternative arrangement, when the balanced cur-

rents come from the same cell, the lights (though they may
come ultimately from the same source) are thrown alter-

nately on the cell by a rotating mirror or shutter. The cur-

rent indicator G is placed in series with the cell and its

battery (Fig. 31, page 130), and has to be one that responds

only to a fluctuating current, showing no deflection when
the current is constant. An obvious method of securing such

an indicator is to pass the current through the primary of

a transformer to the secondary of which some form of

alternating-current ammeter (e.g. a valve amplifier and

rectifier) is connected. But it can also be secured by means
of a commutator driven synchronously with the rotating
mirror or shutter.*

In a device of this kind the commutator reverses the con-

nections of a galvanometer to the cell when the change of

illumination occurs. Consequently, the two illuminations

deflect the galvanometer in opposite directions
;
their equality

is indicated by an absence of steady deflection. There will

be some vibration of the instrument about its zero; this

can be reduced without limit by running the commutator
fast enough, or by applying a compensating current nearly

equal to that produced by the illumination. The shutter

has to be very carefully made so that each of the illumina-

tions is -applied for exactly the same fraction of the period
of rotation, and so that each is cut in and out in exactly
the same way.
The need for this condition is eliminated in another

arrangement. Here the current from the cell passes through
the primary of a transformer, to the secondary of which the

galvanometer is connected. The connections of the galvano-
meter are now reversed when the shutter is fully opened and
the illumination is constant ; they are complete during the

change of illumination. The galvanometer thus receives

successive impulses in the same direction, proportional to

the total change in illumination due to the substitution of

* L. Bahr, Journ. Opt. Soc., America, x, 288 (1925); Clayton Sharp and
C. Kinsley, Trans. Am. III. Eng. Soc.,, xxi, 117 (1926). A method that

dispenses with the commutator is described in U.S. Patent 1G72G72.

8-(56ig)
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one illumination for the other; the rate and manner of

change is immaterial, so long as it takes place in a period
short compared with the time constant of the transformer

and galvanometer. The direction of the steady deflection

representing the sum of these impulses changes according
as one illumination or the other is the greater.
The difficulty with both these methods lies in the commu-

tator, which is liable to changes of resistance and parasitic
contact or thermoelectric E.M.F's. It is particularly serious

when the commutator is to be applied to the output of

amplifiers, for the disturbances may be of high frequency
and amplified more than the main potentials. Positive are

better than sliding contacts; but nobody appears to have
succeeded in obtaining from the device the advantages that

belong to it in principle.



CHAPTER X
ELECTROSTATIC METHODS

General Theory.

THE foundation of all electrostatic methods of measuring
current -is the electrometer. It consists essentially of a pair
of conductors supported on insulation of very high (ideally

infinite) resistance, and capable of moving under the elec-

trostatic forces arising from a difference of potential between

w///////,

FIG. 25. MEASUREMENT 01? PHOTOELECTRIC CUBBENT
BY MEANS OF AN ELECTROMETER

them. The simplest form is the simple gold leaf electroscope,
in which the potential difference is applied between the

insulated gold leaf and the surrounding case
;
and in order

to fix our ideas, it will be convenient to distinguish the two
conductors as the leaf and the case, the leaf being the insu-

lated conductor and the case that maintained at a constant

potential in relation to earth. When more elaborate forms

of electrometer are described, it will be pointed out which

parts perform the functions of leaf and case.

Fig. 25 shows the essential parts of any arrangement for

measuring photoelectric currents by means of an electro-

meter. The anode of the cell is here shown connected to the

leaf
; nothing would be altered if the cathode were connected

to the leaf and at the same time the batteryE were reversed.

When the switch 7is opened, the conductor, consisting of one

electrode of the cell, the leaf of the electrometer, one plate
of the condenser (if any) and the connections between them,

107
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receives the photoelectric current i flowing through the cell
;

if C is the capacity of this conductor relative to the remainder
of the apparatus, the potential E, indicated by the electro-

meter, begins to rise at a rate given by
'

so that

^ =
3 ....... (16)

But as soon as E becomes finite, part of the current flows

away through the resistance, and we have

~dE . E
C-J7=^-v ..... (17)dt R v '

so that
t

E = Ei(l-e
to

)
. . . .

'

. (18)

where i a
= EC.

In the final state all the current flows away through the

resistance, and E assumes the steady value

E = Ri ...... (19)

E in (19) is the greatest reading of the electrometer that

the current i can produce, and the ideal sensitivity limit of

the apparatus is, therefore, Ai = &E/JR, where AJ57 is the

smallest change of potential the electrometer will show. R
is greatest when it represents nothing but the unavoidable
leak of the most perfect insulation that can be used to sup-

port the insulated electrodes
;

it may then be as great as

1014 ohms. AJ" need not be greater than 0-001 volt, so that

A* may be as low as 10~ 17
amp. A gasfilled cell may give as

much as 10"1

amp/lumen, so that 10~ 13
lumen, or the light

received on 1 sq. cm. from a candle 30 km. distant, might be

detected. But such sensitivity is not really practicable ;
for

the deflection corresponding to E in (19) would not be attained

until after a time much greater than t
;
G will not be less

than 50 /u^F, and therefore t not less than 1014 X 50 X
10~ 12 sec. = 1| hours. This calculation is given merely to

indicate the order of the magnitudes with which we may be

concerned here
;
we will now turn to the conditions of prac-

tical use.
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Rate of Deflection Methods.

The most usual direct-reading methods of- electrometer

measurement are based 011 (16). For an absolute measure-

ment, the three magnitudes E, C, t must be determined;
but in relative measurements, two of them may be constant

and the third determined. In the constant voltage method,
E and G are constant, and the time required for the current

to charge the electrometer to a fixed potential is determined
;

i is inversely proportional to this time. In the constant time

method, C and t are constant, and the potential attained in a

fixed time is determined ; i is proportional to this potential.
Both methods have their virtues and defects. The con-

stant voltage method requires no calibration of the scale of

the electrometer, which is often not even approximately
linear

;
the calibrated instrument is a stop watch or chrono-

graph. On the other hand, the constant time method is

suitable for automatic registration ;
for a mechanism can

easily be devised to allow the current to flow for a fixed

time, and then record the reading of the electrometer. The
constant voltage method cannot be used if the electrometer

has appreciable inertia, so that the reading does not corre-

spond to the simultaneous voltage ;
in the constant .time

method, the instrument can be allowed to come to rest

before the reading is taken.

In the constant time method there is no limitation, in

principle, to the sensitivity other than that which has been

noted already ; for, according to (18), i is always proportional
to E, for a given t, however large t may be. On the other

hand, the sensitivity of the constant voltage method is

limited by accuracy; for (16) is not valid, and i is not in-

versely proportional to t, unless t is small compared with t .

The limitation thus imposed is the more serious the greater
the difference between the currents to be compared. With
sufficient approximation we have

(20)
as

- ( }

The expression in brackets must not differ from 1 by more
than the permissible error

;
that is to say, if an accuracy of

x per cent is required, it must not differ by more than
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/100. As representing rather unfavourable conditions, we
may take J5L= 1 volt, E = 1013 ohms (for our previous
value of 1011 ohms is not easy to attain) ;

if currents in the

ratio of 10 to 1 are to be measured with an accuracy of

1 per cent, the smallest of them must then not be less than
5 X 10'12 amp. It is to be observed that the capacity does

not affect this limit
;
it is important that the capacity should

. be small, only if a limit to t is set by the speed of measure-
ment demanded and not by its accuracy. In our example,
accuracy rather than speed will be the determining factor

;

for, even if C is as large as 100 /j,/uF it is not likely to be so

large t for the smallest currents is only 200 sec. In fact,

it is probable that would be deliberately increased by the

insertion of a condenser in order to make the time for the

largest currents conveniently long.
But though the constant time method is preferable in

this respect to the constant voltage method, in another

respect it is inferior. We have supposed so far that the cur-

rent to be measured is strictly constant, and does not vary
during the measurement; this assumption will fail if the

current is not saturated, for the voltage across the cell falls

as that across the electrometer rises. This is a very serious

source of error in the constant time method when gasfilled
cells are used

;
for in such cells used at a moderate magnifica-

tion the current will change at least 2 per cent for a change
in voltage of 1 volt, and, if they are used near the limits

fixed by the glow potential, it may change 10 per cent.

The constant voltage method is free from this defect, if (as

is usual) the measurement of current is only a means to the

measurement of illumination. For since the same range of

voltage is covered in each observation, t will still be inversely

proportional to the illumination, if at any constant voltage
the current is proportional to the illumination. To prove
this we may use the conception of the characteristic con-

ductivity of the cell (see page 77), and substitute l/yi (for

R in (18) ), so that

i enters only in the continuation it.
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From (21) we may derive also a formula, similar to (20),
for the error incurred by the use of the constant time
method ; it is

The relative error thus depends on the difference between the

absolute values of the extreme voltages observed. For 1 per
cent accuracy, this difference must not exceed 1 volt if

y 0-02, nor 0-2 volt if y = 0-1. There is no limit in either

direction to the magnitude of the currents, so long as the

fixed time and the capacity are chosen so as to reduce the

extreme voltages observed within these limits
; since an

increase of capacity will always result in a reduction of the

voltages, no difficulty need ever be experienced in fulfilling

the condition; on the other hand, an electrometer with a

low sensitivity limit for voltage may be required in order

that voltages within the narrow range imposed by accuracy

may be distinguished.
If the conditions for accuracy are fulfilled, the precision

is determined by the sensitivity limits Ai, LE in the measure-

ment of time and voltage ;
these may be taken as indepen-

dent of t and E.

From (16)

di dE dt . .

( ;

In estimating Ai, the maximum uncertainty in i, we must

suppose that the errors in E and t are in such direction that

their effects are added ; consequently

*?
. . . (24)' ' V '. .

i

'

E t

' '

In the constant time method, it is always possible to arrange

that the second term is inappreciable compared with the

first; hence the relative sensitivity limit decreases as the

current measured increases. In the constant voltage method

it is less easy to ensure that the first term is negligible, for

there may be a AJ representing a possible shift of
the_

elec-

trometer zero between observations; but the term will be
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constant, and the relative sensitivity limit will increase, like

the second term, with the current.

Steady Deflection Method.

A third possible direct-reading method is based on (19) ;

the switch is kept open until a constant reading of the elec-

trometer is attained; this reading is proportional to the

current. This may be regarded as a variant of the constant
time method in which the time chosen is long compared
with t

,
so that its exact value is immaterial. It is essential

that the resistance B, should be constant
;
the insulation leak

is never very constant
;
for this reason, and also in order

that the time required for an observation may be kept
within reasonable limits, it is necessary to insert an artificial

leak of resistance R , small compared with the insulation

resistance R and in parallel with it. The sensitivity is

necessarily reduced greatly. If a reading is not to occupy
more than 1 minute, t must not be more than 12 seconds,
if 1 per cent accuracy is sought ; consequently, if C is as low
at 20

/Li/LiF, R must not be more than 6 x 1011 ohms, and
the sensitivity limit for current will not be much less than
10' 14 amp. This is certainly greater than the sensitivity
limit attainable in the measurement of small currents by
either of the other methods

;
the steady deflection method

is useful only when rapid changes in comparatively large
currents have to be followed with comparatively little pre-
cision. M and t can then be much less than the value just

suggested. It should be noted that, if gasfilled cells are used,
the maximum voltage must be limited in the same way as

in the constant time method.

Null Methods.

The precision of all these direct-reading methods of

measurement is small, being limited partly by sensitivity
and partly by accuracy ;

it is not easy to avoid uncertainties

of 1 per cent. In comparison, their precision is somewhat
greater because accuracy is no longer essential, and with

carefully-designed apparatus currents differing by only 0-1

per cent may be distinguished. The best of the methods
for this purpose is, undoubtedly, the constant time method
with automatic timing and permanent registration (see
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page 1O9); it combines speed and precision, but demands a
somewhat elaborate equipment. On the other hand, most
of the difficulties that we have been discussing disappear if

null methods are used; they are so simple, and so much
more trustworthy than any direct-reading method employ-
ing an electrometer, that they should always be used unless

precision is quite unimportant, or unless the special circum-
stances forbid even the slight additional elaboration of the

apparatus that they demand.
Either of the first two methods described on pages 103-

1 06 may be adopted ;
that which involves a commutator is

not suitable. The leads to G in Figs. 23 and 24 are repre-
sented by the leads to the leaf and earthing switch and to
the case

;
a balance is attained when the electrometer does

not begin to charge up if the switch is opened.
When compensation is by means of an ohmic resistance

R
,
the sensitivity limit for current is E/R' where 1

/R'
1
/R n ~\- ^/R ;

in order that there may be no sacrifice of sensi-

tivity, H must not be small compared with R. The objec-
tions to a large value of R in the steady deflection method,
which is closely similar, are no longer serious, because there
is no need to wait until the deflection becomes steady before

taking a reading. But, actually, resistances greater than
10 11 ohms (which is much less than the insulation resist-

ance should be) are not often employed, because it is diffi-

cult to obtain such resistances obeying Ohm's Law. The
method is valuable when currents of the order of 10'11

amp.
or more have to be measured, but is not to be recommended
for very small currents.

The second of the two general methods, namely, com-

pensation by the current from another photoelectric cell

subject to a controlled illumination, is entirely suitable, even
for the smallest currents

;
it has been used successfully for

many purposes. But there may be some difficulty about
calibration when the absolute magnitude of the current has

to be known, or sometimes even when merely relative values

are required. A proposal for overcoming this difficulty by
substituting a thermionic for a photoelectric compensation
is just worth mentioning.*
The best method in these circumstances is usually one
* Research staff of the General Electric Co, Journ. Sci. InsL, i, 56 (1923).
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not mentioned in the preceding chapter, because it is suit-

able only in conjunction with an electrometer. This is com-

pensation by electrostatic induction (Fig. 26). As the insu-

lated electrode charges up with the current through the

cell, its potential is reduced to zero by inducing on it an

equal and opposite charge through the condenser 0> of

which one plate is connected to the leaf, by raising the

potential E c of the other plate by means of a potentio-
meter. (G is now the unavoidable capacity of the leaf, and
its connections

;
R is the insulation resistance.) In this pro-

cedure the switch is opened when E c ;
the light is then

FIG. 26. COMPENSATION BY ELECTROSTATIC INDUCTION

thrown 011 the cell by means of a shutter for a period t.

During this period the electrometer is kept near zero by
means of the potentiometer, in' order to reduce insulation

leaks to a minimum. After the shutter is closed again, it

is adjusted accurately to zero. If E e is the final reading,
i = Ee /t.

The only calibration required is a measurement
of the capacity C , which is permanently stable if the con-

denser is properly made
;
the same condenser can be used

in different experiments. If small currents are to be meas-

ured, G should be small compared with C, in order that the

speed of the measurements should not be reduced, and a

wide range obtained by using large values of E c . This is

an admirable method, which is not used as widely as it

ought to be; but the necessity of turning the light on for

accurately timed intervals is sometimes, though not often,

an objection.

Vacuum and Gas-filled Cells.

In both of the last two methods of compensation, the

ideal sensitivity limit of current is the maximum obtainable.
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&.E/R or, as it is more conveniently expressed for our
present purpose, &E.F, where F = 1

/R is the conductance
of the insulation. But it is most important to observe that
F includes the conductance of the cell when it is passing the
current i that is being measured. In fact, if J" is the pure
insulation leak, F F' -f- yi. Incomplete saturation will
not affect the accuracy of null methods, as it does that of

direct-reading methods, but it will affect the sensitivity.
Now y is much greater for gas-filled cells than for vacuum
cells; it appears at once that, if i is sufficiently great, F
will be greater for the former than for the latter, and that
a lower sensitivity limit and a greater sensitivity will be
obtained with the vacuum cell. Moreover, we must remem-
ber that for the same illumination i is greater for the gas-filled

cell; but, on the other hand, since relative sensitivity for

illumination is important rather than absolute sensitivity
for current, a larger sensitivity limit will be tolerable. We
must inquire more closely.

Let us measure illumination L, as in Chapter VI, by the
saturated current it produces in a vacuum cell, and suppose
that, with any given voltage applied to the gas-filled cell, i

is proportional to L. Then we may write

* = mL (25)

where m is 1 for the vacuum cell and equal to the magnifica-
tion in a gas-filled cell. The quantity which is to be made as

small as possible is A.L/L, the relative sensitivity for illumina-

tion. When the cell and the voltage at which it is to be used
are fixed, we have

AL A* &E.F . _/r
,

\= __ = __ = A27 + y 26
L i % \ * /

There is no reason why T' should vary with the type of cell.

Let us now assume F' = 10'14 mho, and the following typical
values for m and y.

Vacuum cell . . . m == 1 y = 0-001

Gas-filled cell, moderate mag-
nification . . . m = 10 y 0-02

Gas-filled cell, high magnifica-
tion . . . . m = 50 y = 0-07



116 PHOTOELECTRIC CELLS

Then Fig. 27 gives the factor of A2 in (26) plotted against
L

;
this factor determines the sensitivity limit if the electro-

10 10 10"
L (Amp.}

FIG. 27. VARIATION OF SENSITIVITY LIMIT WITH ILLUMINATION

meter is always the same. (For convenience, L is plotted on
a logarithmic scale.)

If L is greater than 10'12 amp., the limit for the vacuum
cell is less, and the sensitivity is greater, than for the
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gas-filled cell
;
for smaller currents, the gas-filled cell used with

m = 10 is more sensitive than the vacuum; but an increase

of m to 50 makes the cell less, and not more, sensitive unless

L is nearly as small as lO' 14 . We see then, as our general

argument indicated, that in compensation methods gas-filled

cells, especially used at high magnifications near the glow
potential, are not more, but less, sensitive than vacuum
cells, unless the illumination is very feeble. For even when
L = 10' 11

,
the illumination is still too small to be indicated

at all on an ordinary galvanometer, even when a high

magnification is used in a gas-filled cell
;
and L 10' 12 means

an illumination less than is likely to occur in any of the

more usual applications, except stellar photometry. In the

photometry of lamps and the measurement of absorption in

the visible spectrum, to which compensation methods have
been often applied, L is more likely to be of the order of

10- 9 or even 10' 8
.

Perhaps this comparison has been made unduly favourable

to the vacuum cell. Thus 10" 14 mho is a rather small value

for F'
;
it can be attained by careful attention to the insula-

tion, but, in general, it is likely to be rather higher. If it

were 10~ 13 mho, a comparatively high value, vacuum cells

would not be more sensitive unless L were as great as

10' 11 amp. Again the speed of observation is greater if gas-
filled cells and, therefore, larger currents are used; speed
increases regularity, since irregular changes in the electro-

meter zero are less important, and thus increases the real,

as distinct from the ideal, sensitivity. But this ideally

greater speed will not be effective if L is greater than
10"11 amp ;

for a current of that magnitude charges a capacity
of 50

/LI/LI
F. to 0-1 volt in

|- second, which is less than the

period required for an observation.

On the other hand, vacuum cells have advantages of their

own that have not been taken into account. They are much
more regular in their action, their sensitivity is more inde-

pendent of their previous history, and, since their current

is nearly saturated, constancy of the battery potential E
is less important. These features tend to make the real

approach the ideal sensitivity. In short, vacuum cells should

be regarded as normally most suitable for null methods

using an electrometer
;
there may be circumstances, such as
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imperfect insulation or very small illuminations, in which

gas-filled cells have the advantage, but they should not be
used unless there is definite positive evidence that these

circumstances have arisen.

One further remark should be made in order to avoid

misunderstanding. Since the greater current sensitivity of

gas-filled cells does not make them preferable to vacuum
cells, it might be concluded rashly that variations of current

sensitivity in cells of the same class are unimportant. But
in our comparison we have supposed that the photoelectric
emission is the same in the vacuum and gasfilled cell; in-

creased current sensitivity arising from increase in the

emission is always desirable.

Electrometers.

We now turn from principles to practice. The technique
of electrostatic methods is not as familiar as that of electro-

magnetic methods, and some account of it may be useful.*

All electrometers are descended from one or two ancestral

strains, the electroscope with diverging gold-leaves and the>

Thomson quadrant electrometer. In recent years the strains

have crossed, and instruments have appeared with some of

the characteristics of both
;
but they are still quite distinct.

In electrometers of the first kind, the
"
leaf

"
is the moving

system, and sensitivity is sought by making it as light and
flexible as possible. In those of the second kind, the

"
leaf

"

is part of the fixed conductor (for the
"
idiostatic

"
arrange-

ment is never used), the moving part is relatively massive,
and sensitivity is sought by increase of the electrostatic

forces, obtained by the application of subsidiary potentials.
The typical characteristics of the first kind are rapidity and

simplicity; of the second kind, sensitivity and ease of

observation.

The only surviving member purely of the first kind worthy
of mention is the

"
ticking electroscope

"
mentioned below;

in all other modern instruments subsidiary potentials are

employed. But there is a large and important group possess-

ing the characteristics of this kind. The essentials of their

* A very good account of electrometer technique is given in Rutherford's
Radioactive Substances (Cambridge University Press, 1912); btit it is

slightly out of date.
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construction are shown in 3Tig. 28. A very light conductor

L, which is usually either a gold leaf or a Wollaston wire or

a quartz fibre rendered conducting by a metallic coating,
lies between two plates P maintained at equal and opposite

potentials from earth or, more accurately, from the potential
of L when the earthing switch is closed. The equilibrium of

L is unstable in respect of the electrostatic forces from the

Is

Earthing
Switch \ p

f

^-Insulation

XJ

x-
V >

Fra. 28. TYPICAL ELECTROMETER Cinema?

plates, and, if these acted alone, L would fly to one plate
or the other; stability is given by the weight of L, and
sometimes by elastic forces due to a spring attached to its

lower end. The two sets of forces are nearly balanced, leav-

ing a slight margin of stability; the less this margin the

greater the sensitivity. But the balance never extends

equally over the whole space between the ends
;
if there are

no elastic forces, instability will enter when the deflection

is too large. The deflection of L is not proportional to its

potential above earth except over a small central range.
It may be observed either through a microscope or prefer-

ably by projection on a screen. Since many experimenters
are not as familiar with projection as with galvanometer
spots, it may be recorded that an image magnified at least
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20 times and visible from a distance, without shading, in a

well-lighted room can be obtained with a microscope objec-
tive of 1 in. focus, if a 24-watt motor-car headlight with a

condensing lens 3 in. in diameter is used as illuminant.

Elaborate and expensive instruments of this type are on
sale

; and, though we have no experience of them, we have
no doubt that the elaboration and expense is counter-

balanced by ease of adjustment and use, for which instruc-

tions will be furnished by the makers.* But since much
simpler instruments are serviceable, some notes for the home-
constructor may be useful. He will be wise to avoid quartz
fibres, unless he has previous experience of them

;
for though

they are probably more sensitive than any other form of

leaf, the formation of a permanent conducting layer and
the mounting of the fibre are very difficult. Gold-leaf is an

alternative, but is not pleasant to observe; a carbon fila-

ment (still obtainable from lamp makers), hung by a gold-
leaf hinge, is preferable, and not very difficult to make

;

Wollaston wire involves an appreciable sacrifice of sensi-

tivity. A good substitute proposed recently is a straight,
fine wire supported at its lower end, so long that the gravita-
tional and elastic forces nearly neutralize each other, and the

wire nearly, but not quite, bends over under its own weight ;

a plane loop or hairpin is still better because it will deflect

only in one plane. Tungsten is probably the most suitable

metal for the wire, but others might serve.f The defect of

this device is that the instrument is very sensitive to changes
of level.

The case of the electroscope should be made as small as

possible, and should be lagged thermally, for convection
x

-currents disturb the leaf. The distance between the plates
should be roughly adjustable; the position of the support
j the leaf L relative to the plates should be finely adjust-
a
lble. The potentials of the plates will be of the order of

fi 50 volts
;
it is not essential that the potential of the plates

"should be precisely equal. A grid leak of 2 megohms should
be placed between the leaf and the key (as shown) to

*
E.g. The Cambridge Instrument Co., Ltd., and E. Leybold's

Nachfolgar A. G., Cologne.
f Th.3 tumgsben wire electrometer is described in British Patent 284395.

3aa also E. Porucca, Zeits. f. Instrumenteukde, xlvii, 524 (1927).
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protect the leaf if it touches a plate. In adjusting, the plates
should first be placed far apart and the leaf moved until,

when the potential is applied to them, the leaf does not

move; for this purpose the switch St is useful. The sensi-

tivity is then tested by applying about | volt to it by means
of switch Sz . If it is not sufficient, the plates should be

brought nearer and the adjustment repeated. The greatest

practicable sensitivity is reached when the potential of

volt throws the leaf beyond the range of stability, so that

it flies over to one plate. A large distance between the plates
and a high potential gives rather greater sensitivity than a

small distance and a small potential ;
but there is a consider-

able range in which distance and potential may be adjusted
to each other to give the same sensitivity.
A voltage sensitivity limit of 0-01 volt may be obtained

easily with these instruments, the time of the (completely

damped) swing of the leaf being less than 1 second. The

capacity will be about 10 /^jF.
Of the second kind of electrometer the Compton is the

modern form, having replaced the Dolezalek, which was the

first notable improvement. Like its prototype it has an

8-shaped needle, carrying a mirror, which is maintained at

about 50 volts above earth and rotates in a box divided into

quadrants, of which one pair is permanently earthed, while

the other is insulated and corresponds to the leaf of Fig. 28.

No amateur is likely to try to build this instrument
;
accord-

ingly reference can be made to the maker's pamphlet for

its special features and its adjustments.* A voltage sensi-

tivity limit of less than 0-001 volt is easily attained, the

period of swing being 9 seconds and the capacity about

10 pfjE.
The long period is a serious disadvantage. As noted

already, it makes the constant voltage direct-reading method

impossible, and the constant time .method very tedious and
somewhat inaccurate. For the effective capacity of the elec-

trometer varies with the deflection and, if E is variable in

(16), C cannot be assumed constant. The usual substitutes

for these methods, when an electrometer with considerable

* The Cambridge Instrument Co.'s catalogue. For Compton Electro-

meter aee A. H. and K. T. Compton, Phys. Rev., xiv, 85 (1919); E. G. Cox
and G. 0. Grindley, Journ. Set. In**., iv, 413 (1927).
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inertia is used, are the rate of deflection and the ballistic

methods. In the first the switch is opened, and the spot
allowed time to take up a constant velocity along the scale

;

this velocity is taken to be proportional to the rate at which
fJW

the electrometer receives charge, i.e. -57-. In the second, the

switch is opened for a constant time and the maximum
deflection of .the spot taken as proportional to the charge
acquired ;

in both cases the factor of proportionality is deter-

mined empirically. It can be shown that if certain assump-
tions about the behaviour of the electrometer are true,
either of these methods is legitimate; actually they are not

true, and neither method is accurate, unless the assumption
of proportionality is abandoned and a detailed calibration

undertaken.
On the other hand, the long period is no objection for

the steady deflection method ;
for here it is usually less than

the period required for the final value of the potential to

be reached. Since here nothing but voltage sensitivity is

required, the quadrant electrometer is clearly preferable to

the leaf electrometer. Its value in null methods depends
somewhat on the temperament of the operator. A naturally
slow worker will not be made slower by the extra time that

is necessary to decide in which direction the instrument is

tending to deflect, and he will be able to make use of its

higher ideal sensitivity; a quick and probably impatient
observer will do better with the speedier though ultimately
less sensitive instrument ;

for it must be remembered that

irregularities are likely to enter if the time occupied in setting
a balance is prolonged.
Two of the most important electrometers are hybrids, dis-

playing clearly some of the characteristics of each of the

parent types; in mechanical construction they are similar

to the quadrant type, but a very light moving system is

the loaf and not one of the quadrants. The first is the

Lindemann electrometer,* in which the needle is a platin-

ized quartz fibre supported b,y another fibre at right angles
to it, the torsion of which provides the stabilizing forces.

The deflection is read by a microscope with or without

* F. A. and A. F. Lindemann and T. 0. Kooky, Phil Mag, xlvii, 678,

11)24). Tho inslrumont is mado by tlio Cambridge Instrument Co.
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projection. It was originally designed for use on telescopes,
and has the great merit of complete independence of gravity ;

its small size, though "unobjectionable, is not of much impor-
tance in laboratory work; it is also relatively cheap. Its

demerits are inconvenience of reading for it is not very
well suited for projection and the fragility that is insepar-
able from quartz fibres. It requires about 30 volts on the

plate, and has a sensitivity limit of about 0-01 volts and a

capacity of only 2 ftftF. In performance, therefore, it be-

longs to the leaf, and not the quadrant, type.

FIG. 29.
" TICKING ELECTROSCOPE "

The second is the Hoffmann "duant" electrometer,* in
which there is only a single pair of

"
quadrants

"
above which,

moves a light suspended "needle "
forming a sector of a circle.

It is designed so that the destabilizing electric forces very
nearly balance the stabilizing forces. It is certainly the most
sensitive instrument known for measuring charge (with the

exception of the suspended drops of Millikan and Bhrenhaft) ;

its peculiar properties make it misleading to assign to it a
definite capacity and voltage sensitivity, but it has a sensi-

tivity limit for charge of the order of 10' 16 coulomb, which
would be attained by electrometers of other types only if

they combined a capacity of 10 ^F. with a voltage sensi-

tivity limit of 10' 5 volts.

When very sough measurements are sufficient and
* G. Hoffmann, Ann. dor Phys., Hi, 665 (1917).
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simplicity is the primary desideratum, Phillips' ticking electro-

scope is very convenient.* It is essentially a diverging leaf

electroscope of the oldest type, in which the leaf, when it

attains a certain divergence, touches the case, is discharged,
and collapses. In order that the leaf may not stick when it

touches, it is best made of a carbon filament attached to an
insulated fixed plate by a gold-leaf hinge, while the part of

the case that it touches is the end of a carbon rod carried on
a screw by means of which its distance from the plate can
be varied (see Fig. 29). If the screw is set so that the leaf

touches it when its potential is E (about 50 volts), the leaf

wiH "tick" (i.e. diverge and collapse) n times per second,
where n = i/EC and C is the capacity ;

in practice n should
not be more than 2. The method, being a modification of

the constant voltage method, is applicable even to gas-filled

cells, although much of their magnification is lost, because
the voltage across the cell drops E volts during the observa-

tion. The instrument cannot be trusted for a relative pre-
cision better than 10 per cent.

Insulation.

Insulation is one of the main problems of electrometer

technique. The supports of the insulated system connected
to the leaf must not only have a very high resistance, but
must also be free from electric hysteresis and the tendency
to acquire surface charges. The materials generally used in

instrument making and electrical engineering ebonite, rub-

ber, silk, and so on are quite unsuitable for such supports,

though, of course, they may be used where they serve

merely to prevent short circuits of batteries. There are only
four solids worthy of consideration, amber, sulphur, quartz,
and certain waxes or cements

;
and of these the last two are

included with hesitation. Amber is almost universally em-

ployed in Germany; if the right material can be obtained
and the technique of working it mastered, it is the best of

all. Sulphur is as good an insulator, but its mechanical

properties are less suitable. It should be cast in place from
a temperature just above its melting-point; since it con-
tracts greatly on solidifying, the parts that it separates
should be provided with keys, so that the sulphur cannot

* C. J3. S. Phillips, Proa, Phi/3. 800. Land., xxxiv, 213 (1922).
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slip at its boundaries. Just after solidification sulphur is

soft, and can be cut with, a sharp tool; later it becomes
hard and brittle; but its surface and insulation leaks are

due almost entirely to surface conduction can be readily
cleaned by scraping. Quartz is much stronger than amber
or sulphur, and is sometimes convenient in the form of rod
or tube; but not all specimens are trustworthy, and we
should always prefer amber or sulphur. It must be cleaned

by heating to redness and kept clean thereafter.

Of the waxes, we can recommend "Bank of England" red

sealing-wax (but not other varieties) and the German black

Picein; probably others are equally satisfactory, but we
speak of what we know. They are useful for coating other

materials, and, in particular, glass. The weakest link in the

chain of insulation is (or ought to be) the wall of the photo-
electric cell, where the lead emerges ;

for here glass must be
used. The borosilicate glasses, rich in silica (e.g. Pyrex),
are much better insulators than soft soda glass ; they are

preferable for other reasons as a material for cells, but they
are improved by a coating of one of these waxes. The waxes
should never be heated in the flame, but rubbed on the glass
when it is just hot enough to make them run easily.

The smallest possible volume of insulation should be used
and mechanical strain avoided, because it develops piezo-
electric charges. The insulation is best tested by charging

up the insulated system, and observing the fall of its poten-
tial. The time required to fall to l/e of the initial value is

t of page 108
;
it should never be less than 15 minutes.

Shields and Switches.

The whole of the insulated system must be enclosed in

an earthed metallic case of the smallest possible volume.

Leads should be carried through tubes and supported by
insulation at the ends only. It is sometimes recommended
that the tubes and the lead should be of the same material,
in order that voltaic E.M.F's, may be avoided

;
but this is

not necessary if the insulation is good. If the insulated

system tends to charge up when it is not connected to the

cell, either the insulation is bad or the shielding is insuffici-

ent, or some part is not efficiently connected to earth or

other fixed potential. A "zero leak" arising outside the cell
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should never be tolerated. Earthed guard rings should be

inserted whenever the insulated electrode is in solid connec-

tion with any conductor not at earth potential.
The leads to the cell, electrometer, condenser, and any

other connected parts are best brought independently to a

central box containing the earthing switch. The earthing
contacts should be of gold or other unoxidizable material;
the make and break should not involve scraping, and should

not place great strain on the insulation
;
if these precautions

are neglected a troublesome jump of the electrometer will

occur when the switch is opened. If the shielding is adequate,

Sulphur F/ange ^Metal Tubes

_j?.

1

/ ^Ebonite

Earthed Guard Ring
and Shield

FIG. 30. CONDENSER FOB USE IN COMPENSATION METHOD
Not to scale about halffull size.

it is not essential that the "earth" should really be earthed
;

the "earth" can be any conductor to which all the "earthed"

parts are solidly connected.

Condensers.

The condenser used for the compensation method of page
114 must have air (or vacuum) as its dielectric

;
and so must

any condensers that may be introduced (as is sometimes

convenient) to diminish the rate of change of potential, if

accuracy is required. All solid dielectrics show appreciable

hysteresis, which is fatal. Fig. 30 shows a good construction

for the compensating condenser, having a capacity of about
6 jUjuF. ;

this capacity should be small compared with that

of the rest of the system in order that the whole capacity
should not be increased. An important element is the flange

shielding the insulated electrode from the surface of that

part of the insulation which is exposed to the applied field.

Resistances.

Satisfactory high resistances for the steady deflection

method or the ohmic resistance compensation method
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present a difficult problem. If not more than 107 or even
10s ohms is required, commercial grid leaks in series provide
an entirely satisfactory solution. For still higher resistances

several alternatives have been used; to discuss them in

detail would occupy too much space ;
the reader must turn

to the references for further details.

The first class consists of thin films of good conductors.
Of these the chief are

Carbon conductors, which may take the form of streaks

made by a graphite pencil on ebonite, ground glass, or slate,

or of lines of Indian ink ruled on paper. (It is not quite
clear whether these last owe their conductivity to the car-

bon in the ink or to the liquid, often containing glycerine,
in which it is suspended.*)

Platinized quartz fibres usually prepared by cathode sput-

tering. References have been made recently in German
literature to resistances of platinized amber, which are pre-

sumably made by the same process ;
but we have not been

able to learn details.f
Alkali metal films, especially of rubidium, which form

spontaneously on clean glass surfaces exposed to the vapour
of these metals (see page 4)4"
The second class consists of substantial portions of very

bad conductors. In most of these, if not all, the conduction
is probably electrolytic ;

but polarization is not troublesome,
because the currents are so small that the polarizing layer
takes an almost infinite time to form and disappears by
diffusion as it forms. Of these may be mentioned

Glasses.of various compositions.

Electrolytes in organic solvents. A mixture of 10 per cent

alcohol and 90 per cent benzene or toluene has been used

widely, but improvements have been made recently. ||

* See G. W. Slewarfc, Phys. Rev., xxvi, 302 (1908); H. E. Ivos,

Astrophys, Journ., xxxix, 428 (1914).

f See J. G. Frayne, P7u/9. Rev., xvii, 415 (1921); platinized amber is

men.tion.ed by Rosenberg, Zeits. f. Phys., vii, 23 (1921).

t Sio H. E. Ivos and A. L. Johnsrud, Astrophys. Journ., Ixii, 309

(1925).
See 0. E. S. Phillips, Pros. Roy. Soc. Edin, xxviii, 627 (1908);

V. Andrews, etc., Proc. Roy. Soc., A, 117, G49 (1928).

||
Soe N. R. Campbell, Phil Mag., xxiii, 608 (1912); G. K. Rollefson,

Science, Ix, 226 (1924); A. Gyemant, Wiss. Veroff. d. Siemens Konzern,
vi (2), 58 (1928), and vii (1), 134 (1928).
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The third class contains only one member, namely, the

device that forms one arm of the Maxwellian bridge for

measuring capacity. It consists of a condenser C rapidly

charged and discharged with frequency n, and having, there-

fore, a conductance nC*
All these resistances obey Ohm's Law over a wide range.

When the variations of the current are small or when accur-

acy is not essential, gaseous conductors that do not obey
Ohm's Law can be used. Of these the chief are

Bronson conductors consisting of parallel plates separated
by a gas ionized by a radioactive source ; andf
Koch conductors consisting of an illuminated photoelectric

cell. The characteristic of any photoelectric cell for the first

few volts is approximately straight ;
the approximation is, .

of course, better the less rapidly saturation is attained, and
the spherical cell is better for this purpose than the plane
(see Fig. 11). The presence of gas makes saturation slower
and extends the range; the voltage must, of course, never
be so great that considerable ionization by collision

occurs.$
For some purposes this last conductor has great advan-

tages in principle. Its value can be very easily varied by
means of the incident light ; and if the same lamp is used
to illuminate the conductor and the measuring photoelectric
cell in series with it, the steady deflection is approximately
independent of variations in the lamp. But for other pur-
poses, the failure of Ohm's Law and the variation with the
illumination are disadvantages. Moreover, variable surface

charges on the glass introduce troubles when high precision
is sought. If we exclude also the very beautiful device of

the third class on the score of elaboration, platinized fibres

are the best, or, for very high values, the Bronson resistance.

But the fibres are difficult to prepare and adjust. The
easiest resistances to make and adjust are the electrolytes ;

their disadvantage is a high temperature coefficient which,
however, can apparently be reduced by suitable choice of

solute (see Gyernant loc. cit.). Some workers have used the
carbon resistances (especially the Indian ink form) with great

* See J. J. Dowling, Proc. Roy. Dublin Soc., xv, 29 (1916).
t See for the latest form R. Jaeger, Ze.it. /. Phys., lii, 627 (1928).
| See P. P. Koch, Ann. der. Phys., xxxix, 705 (1912).
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success; but others including ourselves have never suc-

ceeded in getting quite the right conditions.

Summary.

Finally, since so many electrostatic methods have been

discussed, it may be well to suggest very briefly which of

them is preferable to meet various requirements.
Absolute sensitivity in dealing with very small lights.

Direct reading method using a gasfilled cell at maxi-
mum magnification, and a Compton or Hoffman electro-

meter.

Relative sensitivity in detecting very small differences in

light.

If compensation from the same source is possible, the

null method of page 104 with a vacuum cell and quick

reading electrometer, i.e. fibre or Lindemann. If it is not

possible, then the constant time method with automatic

registration on a quick reading electrometer.*

Absolute precision in measuring the current in amperes.
Null method with compensation by induction (page 114).

Ability to follow rapid changes.

Steady deflection method with quick reading electro-

meter.

Ease of recording.

Steady deflection with Compton electrometer.

Simplicity of apparatus.

Ticking electrometer.

Methods not mentioned in this list may, of course, be

useful when some compromise has to be made between these

requirements.

* This method has been, employed with great elaboration by C. Muller,

Zeits.f. Phys., xxxiv, 824 (1925); Phys. Zeit., xxvi, 932 (1925); Zeits. fur.
tech. Phys., ix, 154 and 445 (1928).



CHAPTEE XI

VALVE AMPLIFICATION

Electromagnetic Methods.

ELECTROMAGNETIC methods in which the current is measured

without previous amplification can be dismissed briefly, not

because they are unimportant, but because they are familiar.

No reader of this book will need to be told how to use a

galvanometer or ammeter ;
but

for completeness the appro-

priate circuit is shown in Fig.
31

;
the only-feature requiring

notice is the protective resis-

tance. When the current is

large enough, this simple
method of measurement is

FIG-. 31. MEASUREMENT OF ,- , -M ., i ^
Wrraotw AMPt-moAMON the best of all

;
it is regular and

accurate; the same current

always gives the same reading ;
the relation between reading

and current is nearly linear and easily established by calibra-

tion. There is practically no voltage drop in the instrument

and, consequently, no variation of the voltage across the cell

with the illumination. Consequently, there is usually little

advantage to be derived from null methods
;
but if they are

required, any of those mentioned in Chapter IX can be used.

The only disadvantage of direct electromagnetic measure-
ment is its lack of sensitivity. Galvanometers with a sensi-

tivity limit for current as low as 10"12 amp. are possible (a

further reduction of the limit, it may be noted, is theoretic-

ally impossible) ;
but when the limit is reduced below

10~ 9
amp., they begin to lose their advantages and to be-

come troublesome, chiefly on account of the instability of

the zero. If anything more sensitive than the best type of

moving-coil reflecting galvanometer is required, it is prob-
ably best to adopt some other method; the limit of such
instruments lies between 10~ 9 and 10' 10

amp. Robust port-
able instruments can be obtained having a limit of about

130
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10~ 7
amp., and then come the ordinary types of micro -

ammeter and mllliammeter. Relays can be obtained that
are operated by currents of a few microamperes, but they
will not stand rough usage; the most sensitive relays that
can be recommended for most of the purposes for which

relays are required are those used in telephone work, opera-
ting with about 5 mA. This figure is important because it

defines the limits of valve amplification, which we are about
to consider. For many purposes, and especially for detec-

tion associated with control, which is here such an impor-
tant field, amplification by valves beyond 10 mA. is unneces-

sary, because any further amplification is better effected by
means of mechanical relays.

Principles of Valve Amplification.

When electromagnetic methods are to be used, and the
current given directly by the cell is insufficient for the pur-
pose, it must be amplified. To-day, such amplification is

always by thermionic valves
; indeed, it is the development

of the thermionic valve that has brought the photoelectric
cell into prominence and led to most of its modern applica-
tions. The essentials of any circuit for such amplification
are shown in Fig. 32, which may be regarded as a modifica-

tion of Fig. 25, produced by substituting the grid of a valve
for the leaf of an electrometer

;
an electromagnetic instru-

ment is placed in the anode circuit. But one small difference

between Fig. 32 and Fig. 25 requires passing mention,

namely, that while the anode of the cell is shown connected
to the electrometer in Fig. 25, the cathode is shown con-

nected to the grid in Fig. 32. When an electrometer is used,
it is immaterial in principle which electrode is connected to

it
;
but it is usually convenient to chose the anode because

it is better insulated. When a valve is used, it is usually
convenient to choose the cathode, because the high-tension

battery which supplies the anode circuit can also supply the

cell, as shown
;
but we shall see that the choice is no longer

immaterial in principle, and that in some circumstances the

connections of the cell must be reversed and a separate
source of potential used.

There are two main differences between the use of valves

to replace an electrometer and their use for more familiar
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purposes, such as radio reception. The first, expressed
briefly, is that the currents to be amplified are often direct

and not alternating. However, the distinction between a
variable direct current and an alternating current is one of

degree rather than of kind
;
the difference is better expressed

if we say that the electrical changes to be amplified are too
slow to be transmitted through transformers or condensers,
and so slow that, during their occurrence, the state of the

amplifying system may alter appreciably. The effect of such
alterations will concern us presently; but the impossibility

Valve

FIG. 32. VALVE AMPLIFICATION

of using the normal form of coupling influences design from
the first. The cell and the valve must be connected conduc-

tively. Further, the condenser C, representing the capacity
of the cell and its connections, can be left out of account ;

any method in which it exerted an influence should be
classified as alternating current amplification; in all the
methods of this chapter, sufficient time must be allowed for

the system to reach a steady state.

The second difference is that we are concerned with cur-

rent rather than with voltage magnification. The current in

the grid circuit is what we want to measure
; the current in

the anode circuit is what we shall observe
; moreover, the

impedance of the part of the anode circuit exterior to the

valve will always be negligibly small. The useful magnifica-
tion will be the ratio of the change of anode current ia ,

when there is no external impedance, to the change of i,

the current through the cell
;
this ratio will be called A,
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Perhaps a clear understanding of the principles involved
in the adjustment of the circuit is best attained by supposing
first that the resistance R is infinite, so that the cathode of

the cell and the grid form an insulated system. If the cell

is dark and this system starts at a potential positive to the

filament, it will receive some electrons from the filament,

though most of them go to the anode
;
it will acquire a nega-

tive charge, which will tend to prevent more electrons reach-

ing it
; finally it will attain a potential, usually a little nega-

tive to the filament, at which it receives no more electrons.

If light now falls on the cell, electrons can leave the grid

by way of the cathode of the cell
;
the grid potential will rise,

until the electrons received from the filament balance those

lost through the cell. In other words, ig ,
the grid current,

will be equal to i, and we shall have

A = dia/di = dialdig . . . . (27)

A is then a property of the valve, which might be deter-

mined by plotting ia against ia and taking the slope of the

curve. However, since it is usual to plot valve character-

istics with the grid potential Eg as base, it may/ be more
convenient to write (27)

(28)

where
M = dialdEa

is usually called the mutual conductance of the valve, and

Fa
= di a/dJE ff

may be called the grid conductance.

That this latter term is appropriate appears at once if

we make an assumption precisely opposite to that which we
have just made. We suppose now that JR is finite and con-

sists of a grid leak having a finite conductance J1 = IfR,
and that the grid current is zero, i flowing through R will

produce a potential Eg
= i/F between grid and filament,

and A is clearly given by J

ft t / tit
A .

a
/ __ M/r f29^

dEg I
dEg
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It is easy to see that, if we combine the assumptions, and

suppose that there is both a finite grid leak and a grid cur-

rent

A=-M/(r + ra ) (30)

Valve Characteristics.

Fig. 33 shows the relevant characteristics of a valve suit-

able for the purposes we are considering; it is an Osram
P.625 with an anode potential of 120 volts. In the three

curves, i a ,
i g ,

and Fg are plotted against E g . The (ia ,
E g ]

curve is .nearly straight ;
M is nearly constant, and the

variation of A with JSg will depend on the variation of Fg ,

Since F is constant.

If F and there is no grid leak, it will be impossible
to apply grid bias, and the value of F

g will be that corre-

sponding to ig i, or, since we are supposed to be dealing
with very small photoelectric currents, to i g

= 0. But this

condition is clearly not the most favourable. For Tg is vary-

ing very rapidly with Eg and i g in this neighbourhood, so

that the amplification will not be approximately linear for

any but very small variations of current
; further, Fg is

greater than it is when Eg is smaller and corresponds to

negative values of i. It is better to insert a grid leak of very
high resistance and apply a negative grid bias. In fact, by
so doing, we can ideally attain infinite amplification. For

Fg in one region is actually negative (see, further, page 145) ;

if we apply grid bias so that E a lies in this region, and make
F = Fgi r + -T,

= and A = <*
.

Actually, this is impracticable ;
there are the conductances

of the insulation and possibly of the cell itself (see page 115)
to be considered; but much more important is the irregu-

larity of the valve which sets a definite limit to the useful

amplification. Probably nothing is ever gained by making
F less than 10~ 8 mhos

;
and with so large a value Fg will be

inappreciable unless positive grid bias is applied; the cell

conductance will be inapp'reciable, and, though the insulation

leak of some valves may be of this order, it can and should

also be made of no account. The conclusion at which we
arrive is thus very trite and obvious

;
it is that which every-

one familiar with valves in their normal uses would immedi-

ately adopt ; but it is as well to have seen the reason for it.
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We must pass the photoelectric current through as high a

resistance as possible, the limit being reached (as usual) when

-5
-6 -5 -4 -3 -2 -1 +7

Fia. 33. VALVE CHARACTERISTICS

+3

irregularity makes increase of ideal sensitivity no longer an
increase in effective sensitivity ;

and we must apply a small

negative grid bias, the exact value of which will not matter

so long as it is not so great as to carry the valve into the
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region where the slope of the (ia ,
JE g ) characteristic falls and

M decreases. With the valve to which Fig. 32 refers, M
will then be 2-5 X 10'3

;
so that if F = 10' 8

, A = 250,000.

Even this is probably an overestimate of the amplification
that is actually useful ;

no one seems to have succeeded in

making measurements with any pretence to precision with

an amplification greater than 50,000. If the amplification is

so great that the regularity limit is much greater than the

sensitivity limit, it should be reduced by decreasing R.

But is not the choice of valve or of the anode voltage

important ? If it were possible to use the greatest amplifica-

tion of which a valve is capable according to (30), the choice

would be very important. M is greatest in valves of the

power type, and in valves with a screening grid between the

control grid and the anode, and it is somewhat greater with

high anode voltages than with low. Tg is least with a

"space-charge" grid between filament and control grid,

which permits the adoption of very low anode voltages.*

On such grounds many writers recommend strongly the use

of some particular type of valve. But since the limit to

amplification is set, not by (30), but *by inevitable irregu-

larities, these considerations are irrelevant; amplifications
as great as irregularity will permit can be obtained with

almost any valve of the normal types with any reasonable

anode voltage; and there is no evidence that the irregu-

larities, the source of which we are about to consider, are

materially less with one of these types of valve than with

another.

However, the possibility of some new type of valve speci-

ally designed for the purpose is worth consideration. The

only proposal in this direction of which we are aware is to

combine photoelectric cell and valve in a single unit enclosed

in the same exhausted envelope.f The control electrode may
then be the photoelectric cathode, and may have a form very
different from that of the ordinary grid. Thus if the fila-

ment and anode of the valve are placed at the ends of

a tube, of which the walls are coated with a layer of

*
Gt. Feme, Comptes Rendues, clxxviii, 1117 (1924).

t 83?, e.g. V. K. Zworykin, U.S. patent 1,677,316 and Phys. Rev., xxv,
247 (1925); J. M. Hyatt, Phys. Rev., xxlii, 601, (1924); T. W. Case, Journ.

Opt. Soo., America, vi, 639 (1922) ; V. M. Albers, Phys. Rev,, xxvi, 671 (1925) .

Also British patents 178917, 209818, 224874.
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photoelectric metal, the filament-anode current will be in-

fluenced by the potential of this layer, and this potential,

being determined by the relation between the thermionic elec-

trons arriving at the layer and the photoelectric electrons

leaving it, will vary with the light in the same way as the

grid of the valve, externally connected to the photoelectric

cathode, in the arrangement of Fig. 32. Such a device might
tend to produce regularity by reducing to a minimum the

opportunity of the insulated grid system to pick up extra-

neous disturbances, but we know of no evidence that it

actually has that advantage. For though patent and other

literature is full of proposals of this nature, they do not

appear to have been widely used. The main objection to

them is, of course, the difficulty of obtaining an efficient

photoelectric cathode in such circumstances, and of avoiding
the incidence upon it of light from the incandescent cathode

;

this last difficulty is not so serious when valve filaments are

used which give a copious emission at very low tempera-

tures, but then the first difficulty becomes more serious.

Sources of Irregularity.

The sensitivity of valve amplification is then limited by
its freedom from irregular disturbances. These arise from

three sources. The first is external to the apparatus. The

circuit is very sensitive to high frequency disturbance
;
for

it is essentially that of the familiar "grid leak detector"

used in radio reception. Few places nowadays are free from

such disturbances ;
even if there are no unintentional trans-

mitters in the neighbourhood, no induction coils or sparking
commutators on motors, generators, or regulators, there are

always the intentional transmitters. This source can be re-

moved by enclosing the apparatus completely in a conduct-

ing shield, preferably earthed; but the enclosure must be

complete, and, in the last resort, must contain the whole

apparatus, including the batteries and the source of light.

Some experimenters, finding practically no benefit from par-

tial enclosure or from placing large condensers across all

leads, have rashly concluded that the irregularities that

troubled them were not of external origin. But in the mat-

ter of shielding, it is the last step that counts; the final

sealing of some crack that looks too small to be noticed,

ro (5610)
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or the substitution of a soldered for a less perfect connection,
will often make the whole difference between success and
failure. Of course, in favoured localities or where the utmost

sensitivity is not required, less complete shielding or even
no shielding at all can be tolerated

;
but irregularities should

be sought in other directions only when the most complete
shielding that can be devised fails to eliminate them. Per-

fect shielding is attainable
;
our colleagues, working in a

building drenched with high frequency disturbances of every
description, have found it possible to obtain perfect regu-

larity even with amplifications of the order of 50,000.
The second source of irregularity lies in the batteries. It

must be remembered that changes in the potential between

grid and filament will be amplified in the same way, whether

they are caused by a current from the photoelectric cell or

by a change in the voltage of the batteries. The con-

stancy of the grid bias battery is, of course, most impor-
tant, but that of the filament battery scarcely less so

;

changes in the latter produce changes in the effective grid

voltage, partly because this depends somewhat on the velo-

city of emission of the thermionic electrons, which depends
on the temperature, but more because the cathode (unless

indirectly heated) is not all at the same voltage, but covers

the whole range of the voltage applied to it. Variations of

the anode voltage are somewhat less important, for these are

reduced effectively by the magnifica,tioii factor of the valve.

Slow regular variations of the voltages as the batteries

run down are unavoidable, but they are usually of little

importance ;
trouble will arise only from rapid and irregular

changes. From their accounts, some experimenters seem to

have been very unfortunate in this matter; but we have
never traced any material irregularities to properly main-
tained accumulators or dry cells used for the anode and grid

battery.
The third source of irregularity is the thermionic emission

of the valve filament. This emission is affected by minute

changes in the surface, similar to those that affect so greatly

photoelectric emission. There is always some residual gas
in a valve, absorbed or free

; any alteration of the electric

field or of the temperature may shift some of this gas to or

from the surface of the filament, and change the emission
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of the whole or of one part relative to another, and thereby
change the relation between anode current and grid poten-
tial or grid current. The anode current is determined by
past as well as present conditions, and when the amplifier
is first put into action or started again after a rest, it will

change continuously for a period of many hours. It is prob-
able that in this matter the pure tungsten filaments of the
old "bright emitter" valves are preferable to any form of

"dull emitter"; and if the amplifier cannot be left undis-
turbed until it has settled down, such filaments should be
used. If the filament battery has to be recharged or any
other alteration made, it is important to make switching off

the filament the first operation, and switching it on the last
;

above all, the filament should never be switched on without
the anode voltage and, approximately, the right grid voltage.
But the best plan is to avoid alterations as far as possible ;

and, when they must be made, to make them (e.g.) over-

night, so that the apparatus has time to attain a steady state

before it is used next day.
Iri principle, irregularities from this source should be re-

duced if the amplification were divided between several

stages, and only a relatively small amplification attempted
in each stage. In the later stages the arrangement of Fig.
32 is repeated, the current in the anode circuit of each stage

being treated in the same way as the photoelectric current

from the cell. But the difficulties of multi-stage, direct-

current amplification are so great, owing to the need for

insulated batteries or their equivalent, that success in this

direction is unlikely.
As a matter of interest, not of practical importance, it

may be mentioned that the theoretical limit to the sensi-

tivity attainable by amplification arises from an essential

irregularity in all thermionic emission. The temperature of

the filament and the nature of its surface determine the

average rate of the emission of electrons, but the individual

emissions are determined by chance; the electrons emerge
like bullets from a squad at independent firing, not like those

from a machine gun. But though the fundamental irregu-

larity due to this cause has been detected and measured, it

is probably always masked by other irregularities in the

conditions relevant to our problem.
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Finally, it may be observed that freedom from quick
irregularities (and slow changes are not of much impor-
tance) can always be promoted by using a very sluggish
instrument in the anode circuit. When very high amplifica-
tions have been attained, such instruments have usually
been employed. But this is not a satisfactory solution of the

difficulty; for speed should be one of the main merits of

valve amplification as compared with electrometer methods.

Bridge Amplifier.

But even when all sources of irregularity are eliminated

by careful design of the apparatus, and by adjustment of

the sensitivity by a suitable choice of grid leak,, the simple
circuit of Fig. 32 is not convenient for comparison and

measurement, because the current in the anode circuit does

not fall to zero with the photoelectric current. When the

comparison of two illuminations thrown alternately on the

same cell is required, the commutation methods of page 105

may be employed, exactly as if the anode current proceeded
directly from the cell. But even in this case, and still more
in all others, compensation of the anode current correspond-

ing to i = is desirable. By far the best plan is to use the

bridge circuit shown in Fig. 34, for it helps to eliminate some
of the sources of irregularity.
Here the anode current from the valve amplifying the

photoelectric current is compensated by the anode current

from a similar valve, the grid of which is maintained at a

fixed potential. There is necessarily some loss of ideal sensi-

tivity which should be more than balanced by gain of regu-

larity. If the circuit is regarded as a Wheatstone bridge,
and the usual formula is used for the change in TG ,

the cur-

rent through the indicating instrument G, due to introducing
a small E.M.F. into one arm of the balanced bridge, it is

easily deduced that the sensitivity is reduced in the ratio

1/S, where

Ra is the resistance of G, X the impedance of each valve

(according to the usual definition). That is to say, the

change of anode current due to a given i when one of the
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valves is used separately is S times the value of I& corre-

sponding to the same i when the bridge is used. Now X
will be of the order of 10,000 ohms, and large compared
with Rg ; consequently, so long as v^ is not very small com-
pared with X, S will differ little from 2. The lower limit

placed on rx and rz is thus that they shall not be much less

than 10,000 ohms; a higher limit is set by the condition

FIG. 34. BBIDGE AMPLIFIER

that the potential drop ri a in the resistances shall not be

inconveniently large.
If all the characteristics of the two valves were exactly

the same, it would be possible to obtain perfect indepen-
dence of changes of anode and filament battery voltage,
when i = 0, by making the two sides of the bridge exactly

symmetrical. But, actually, the characteristics are never

exactly the same, and complete symmetry is impossible ;

either r1} rz must be different or JaI and EgZ ,
and since some

asymmetry is unavoidable, it. is not worth while to insert a

resistance JR in the grid circuit of valve 2, though it would
be necessary for complete symmetry. Perfect independence
of the battery voltages is lost, but partial independence
remains and can be increased by empirical adjustment. If

the ratio ra/ra is changed, while a balance is maintained by
varying EaZ ,

a value for the ratio can usually be found such

that the balance is not changed by a small change made

intentionally in the anode voltage ;
if it cannot be found, or
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if the value found is very different from 1, the valves are

too dissimilar and another pair should be tried. Similarly,

independence of the filament battery voltage can be attained

by making B:S 2 a resistance of about one-tenth of the
filament resistance a straight resistance wire is convenient
and moving the slider X along it until a small change in

the battery voltage
"

leaves the balance unchanged. These
two adjustments are not wholly independent, and they must
be repeated alternately until they are both perfect.*

In our experience, as has been indicated already, these

adjustments are not really necessary if suitable batteries

are employed ;
the most they can do is to eliminate a very

slow regular drift of the zero, which is usually of little

importance. Quick irregular variations, which are much
more serious, do not generally arise in the batteries.

Use of Valve Amplification.

The amplifier that we have been discussing is a substitute

for an electrometer
;
its method of use and range of useful-

ness are similar
;
and many of the conclusions about sensi-

tivity and accuracy can be transferred with little alteration,

especially those concerned with vacuum and gas-filled cells.

Direct-reading measurement is possible if a sufficiently stable

zero can be obtained, and if the limits within which amplifica-
tion is linear are not transgressed ;

i is taken as proportional
to ly. But, generally, null methods are preferable, just as

they are with electrometers. Compensation by a second

photoelectric cell is always possible, and has the same advan-

tage as with other methods of comparison; the induction
method is not suitable. The balance can also be adjusted

by varying the grid potential Egz of the compensating valve,
and for small changes the current can be taken as propor-
tional to the change in EoZ . But a far more satisfactory
method is to compensate by means of E gl ,

thus using the
ohmic resistance method of page 103. For the change in the
current through R necessary to restore the balance when the

light is changed is exactly equal to the change in i produced
by the light, and is independent of the valve characteristics.

If R and the potentiometer applying E sl (see Fig. 34) are

once calibrated in terms of illumination, the calibration will
* C. E. Wynn-Williams, Proc. Cam. Phil. Soc., xxiii, 811 (1927).
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be unaltered so long as the same cell is used, even if the

valves are changed. Moreover, the voltage across the cell

when the balance is made and the reading taken is always
the same

; complications owing to lack of saturation do not
arise.

It is desirable in this method that the bridge should be
balanced when ig

=
;
and that, since Ego ,

the corresponding

grid potential, is not in general zero, a permanent grid bias

Ego should be inserted in series with the potentiometer and

independent of it. For then the potentiometer will read zero

when i = 0, and, if R is changed, the calibration of the scale

of the potentiometer in terms of photoelectric current will

be altered throughout by a constant factor; if Ev is the

potentiometer potential at balance, i = EV/R whatever the

value of R. The possibility of changing R enables a very
wide range of illumination to be measured without the use

of any high potentials on the potentiometer. It may be

observed incidentally that an easy way to test whether the

permanent grid bias is indeed E go is to shunt the grid leak

R when i = 0, and the potentiometer- is at zero
;

if the

adjustment is correct, the balance will not be disturbed;
but in making this test, precautions must be taken against
thermoelectric or voltaic E.M.F's. introduced by the shunt.

There is some loss of ideal sensitivity involved in working
at i g

= instead of nearer the point where Fa
= 0, but, as

we have insisted, not of effective sensitivity.

It remains to compare valve and electrometer methods.

Calculations have often been published purporting to show
that the sensitivity attainable by valve amplification exceeds

greatly anything that has ever been reached by an electro-

meter of normal design; but the sensitivity concerned in

these calculations is the ideal sensitivity that takes no

account of regularity. Our own experiments indicate that

they are wholly misleading, and that the effective sensi-

tivity of electrometer methods is decidedly greater. 'Alone

they would not be conclusive, for we have worked in a

building subject to intense high frequency disturbances and

unfavourable to the use of valves
;
but we learn from many

sources that others who have made careful comparisons have

been forced, often unwillingly, to the same conclusion. If

the measurement of very small currents is the problem in
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view, we have no hesitation in recommending the electro-

meter except, possibly, in the measurement of absorption

(see page 191). Even for larger currents, we think that the

electrometer is more suitable in laboratory experiments,
where ready adaptability is essential and cumbrous appara-
tus a nuisance. But valve amplification has a very useful

field when long series of measurements have to be made,

especially by relatively unskilled operators ;
it is then worth

while to spend much time and labour in erecting a compli-
cated piece of apparatus, if only it will be simple to handle

and unlikely to get out of adjustment when complete. The

comparatively insensitive . electromagnetic instrument that

can be used as G in the valve amplifier is much easier to

read than any electrometer, and, unlike the electrometer,

it can easily be placed at any convenient distance from the

cell; it is suitable for lecture demonstrations and similar

purposes.

Detection and Control.

On the other hand, there is one field in which the electro-

meter cannot enter into competition at all
; namely, where

control is required and the minute currents and energies
characteristic of electrometer methods are utterly insuffi-

cient,to work the subsidiary mechanism. If nothing more
than detection is required and delicate quantitative distinc-

tions are unimportant, features of the valve characteristic

that we have left out of account so far, and that are dis-

advantageous in quantative work, can be turned to positive

advantage.
If the simple theory expounded on page 133 were com-

plete, ig could never be less than zero, however negative

Eg becomes. But, actually, as Fig. 33 shows, ig decreases

beyond zero with decreasing E a ,
attains a minimum (or

negative maximum) and then rises slowly to zero again.
In order to show this, part of the ig curve, marked 100 *,
is plotted on a larger scale. The negative grid current, or

"backlash," that appears when E a is less than Ego ,
is due

to the presence of positive ions produced by collision of the
thermionic electrons with the residual gas that is present
in the most perfectly evacuated valve. In the old soft

valves, familiar to wireless pioneers, it was large and
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important, determining largely the behaviour of the valve in

its ordinary uses
;
in modern hard valves it is quite unimpor-

tant except in special uses such as we are considering now.
The positive ions are attracted to the grid when it becomes

negative and ceases to receive electrons
;
the maximum back-

lash i' g is reached when the greatest number of ions and the
smallest number of electrons are received. When Eg is made
still more negative, the backlash decreases because the anode

current, by which the ions are produced, decreases
;
when the

anode current is stopped altogether the backlash is zero,
and any remaining i g is due to insulation leak.

If the cell is connected to the valve in the manner shown
in Fig. 32, the backlash is unimportant; for, if there is no

grid leak, ig can never be less than 0, since electrons never
flow to the grid from the cell

;
if there is a grid leak, its con-

ductance is always greater than Fg in the region of maxi-
mum backlash, for here Fa is zero. But if the cell is turned
the other way round and its anode connected to the grid
(the cell battery being reversed, of course, at the same time),
and if there is no grid leak, the backlash becomes very im-

portant. For electrons from the cell will be forced into the

grid by the cell battery, and will carry Ea towards the point
of maximum backlash. If the photoelectric current is greater
than i g (which is generally of the order of 10' 8

amp.), the

excess cannot escape from the grid at all
;
electrons cannot

leave the grid, and the positive ions are insufficient for their

neutralization. Accordingly, E g will fall till it becomes equal
to the cell battery potential and the photoelectric current

ceases
;

if the battery potential is sufficient (more than 30

volts) the anode current will be completely stopped.
\/ Here we have an extraordinarily powerful method of de-

tection. It is also extremely simple when the circuit can be
fed from mains giving a potential E of 200 volts or more,
and there is no objection to wasting the power required to

heat the filament of the valve directly from the mains (Fig.

'35.) The resistances r+ and r_ are chosen so that JE /(r+ -f- r- )

is equal to the filament current (the resistance of the filament

can usually be neglected), and so that E r+ is equal to the

appropriate anode voltage ;
J5/ r_ will then be the voltage

applied to the cell, and will be great enough, when applied
to the grid, to reduce i a to zero. When no light falls on the
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cell, ia will assume the value corresponding to ig
=

; with
a "power valve" this will be more than 10mA; i g will be
about 10

" 8
amp., and any illumination giving an i greater

than this will reduce ia to zero. The effective current

amplification will thus be of the order of one million. The
same circuit can, of course, be used with independent sup-

plies to the valve filament, valve anode, and cell cathode.
The same circuit may be used even if the supply from

the mains is alternating current, not direct current. For
when the direction of the supply voltage is opposite to that

FIG. 35. AMPLIFYING CIRCUIT FOR USE OFF
SUPPLY MAINS

shown in Fig. 35, the valve will pass no current since the
anode is negative. The cell may pass a small positive charge
to the grid, because the anode has usually some photoelectric
emission; but if this emission is very much smaller than
that of the cathode (as it usually is), the positive charge
received by the grid in this phase will not be enough to

neutralize the negative charge received during the opposite

phase ; when the anode of the valve becomes positive once

more, the grid will still be negative. On the other hand,

during the change of the valve anode from positive to nega-
tive, a positive charge will be induced on the grid ; but the

resulting rise of potential may be abolished by connecting a
condenser of about 0-0005 ^F. between the grid and earth.

With this addition, the circuit will operate as before and
pass current only when the cell is dark; but this current
will be smaller, because the anode is positive for only half

of the period, and the response will be rather slower, because
a larger capacity has to be charged or discharged when the

change between light and darkness occurs. It is not strictly
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necessary now that the cell cathode and valve anode should
be connected to points on the resistance on opposite sides

of the valve filament
; but, of course, the potential across the

cell must never be allowed to rise to the glow potential.
Similar results can be obtained by substituting for the

thermionic triode a gas-discharge triode, consisting of any
form of discharge tube (e.g. a neon lamp or a mercury recti-

fier) in which a third electrode or grid is placed in a suitable

position near the anode. In such a tube, the potential at

which the discharge starts is reduced considerably if a small

current is allowed to flow from the anode to the grid.* If

the voltage applied to the main electrodes lies between the

starting potentials with and without this current, the dis-

charge can be made to start by throwing light on a photo-
electric cell connected between the anode and grid. Many
amperes in the main circuit can thus be started by a frac-

tion of a microampere in the cell
;
but the arrangement has

the disadvantage that the current does not stop when the

light is turned off
;
for the potential of the grid necessary to

start the discharge is maintained by the discharge itself. If

the supply is alternating current of ordinary frequency, the

interval between voltage peaks is still too small to allow the

charge on the grid to leak away ;
the discharge will not stop

unless the voltage is so adjusted that the current produced
by the light is relatively small. Nevertheless, the grid-dis-

charge tube may be very useful if the function of the cell

is only to give an alarm, and the continuance of the effect

after the cause has ceased is not imdesirable.

Even when the thermionic amplifier is used, there is some

instability of this kind. The photoelectric current necessary
to suppress the anode current is less than that required to

maintain the suppression, because the backlash vanishes

with the anode current; if i is raised until ia just falls to

zero and then decreased slightly, ia will not rise. In fact,

if ia were reduced completely to zero, and if the charge on
the grid did not leak away through the insulation, i a would
remain zero even when i was reduced to zero.

For this reason the circuit is entirely unsuited to any

* T. K Wilkins, Journ. Opt. Soc., America, xvi, 370 (1928). Thermionic
valves having the same characteristic are discussed, under the name of
"
Thyratrons," by A. W. Hull, Gen. Elec, Review, xxxii, 213 (1929),
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quantitative measurement or even comparison. Further,

since the critical illumination that reduces ia to zero is deter-

mined by the backlash, which cannot be trusted to remain

constant for long periods, it is not suitable even for detec-

tion, if accuracy is required. These objections can be re-

moved by using a second photoelectric cell under constant

illumination with its cathode joined to the grid to provide
an artificial backlash large compared with the real backlash.

In fact, the arrangement is then a balance essentially similar

to that of Fig. 24, and might be used for comparison in the

same way. A larger current from the first cell is then neces-

sary to stop the anode current, and there is, therefore, some
loss of sensitivity in detection; but for many purposes the

sensitivity is still sufficient.

"
Time-Lag."

We started by saying that the photoelectric current to be

amplified was always direct and not alternating ;
but in some

of the most important applications of cells this statement is

not true, because the light incident on the cell is fluctuating.
When the light is fluctuating with a frequency of 50 to

10,000 cycles per second, the problem of amplifying the

resulting current is essentially similar to that of audio-fre-

quency amplification in radio reception. Frequencies much
greater than 10,000 need hardly be considered, for they do not
arise in any application that has been made so far. But a

preliminary question arises. Will the photoelectric current

follow faithfully such rapid variations of the light; or is

there some inertia or "time-lag" in its action.

The answer is that there is no inertia or delay in the

photoelectric emission itself. If there is any interval be-

tween the incidence of the light and the emergence of the
full quota of electrons corresponding to that light, it is cer-

tainly less than 10" 3
seconds, and beyond the range of any

measurement.* There is nothing similar to the gradual
development of the full effect of the light which is character-
istic of the selenium cell. JSTor is an appreciable time re-

quired for the full quota of emergent electrons to reach the
anode in any vacuum cell, even the largest ; moreover, even
if it were appreciable, it would be immaterial; for, if the

* See E. O. Lawrence and J. W. Beams, P7w/,9. Rev,, xxix, 903 (1927).
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voltage applied to the cell were constant, it would cause

merely a slight delay in the response, but no diminution or

distortion of it.

On the other hand, distortion may enter in the appara-
tus for measuring the electronic current. The cell and the

apparatus to which it is connected always have a finite capa-
city., and a current i, from whatever source it is derived,
cannot charge a capacity C to a potential E more than

i/CE times per second. The effect of this limitation upon the
measurement of light varying with a high frequency is easily

Amplifier

R

FIG. 36. RESISTANCE-COUPLED AMPLIFIER

calculated. The essential elements of all circuits used in the

amplification by valves of alternating currents are shown in

Fig. 36. An alternating current of amplitude i and fre-

quency n produces an alternating voltage of amplitude E
across the condenser and resistance R which is applied to

the valve
;
the sensitivity of the circuit will be measured by

E ji ;
if there is to be no loss of sensitivity at the higher

frequencies, and no distortion of a disturbance covering a

range of frequencies, this ratio must be independent of n.

Actually, we have

. . . (32)E /i
=

The condition for no distortion is that 2-n-nCR should be

small compared with 1
;
the condition for sensitivity is that

R should be great. These two conditions are contrary ;
for

n is fixed, and G, which includes the capacity of the cell itself,

cannot be reduced indefinitely ;
in the last resort, distortion
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can be abolished only by sacrificing sensitivity. Thus
if C cannot be reduced below 20

/
a

/

wF. and in practice it

will be above rather than below this value some distortion

will enter at 1,000 cycles unless R is small compared with
10 megohms, and at 10,000 cycles unless it is small compared
with 1 megohm. Accordingly, at 10,000 cycles, a photo-
electric current with an amplitude of one microampere must
not be allowed to produce an amplitude comparable with
1 volt on the grid of the valve. This condition can usually be

relaxed somewhat, because E /i can often be allowed to

vary considerably with the voltage before the distortion

becomes appreciable in the reproduction of sounds or of

light and shade in a picture ;
but an amplitude much greater

than 1 volt would certainly cause trouble.

If additional sensitivity is sought by the use of gas-filled

cells, distortion might enter at large magnifications. The

process described on page 55, whereby ionization by colli-

sion magnifies the primary currents, takes a finite time. If

the magnification is small, and the positive ions do not

generate an appreciable number of secondary electrons at

the cathode, the time will be no more than is required for

ions generated near the anode to reach the cathode. The
ions move more slowly than the electrons, and the time will,

therefore, be greater than that required for the electrons to

reach the anode in a vacuum cell
;
but it will still be less than

10' 6
seconds, and should not affect matters at the frequencies

that are relevant here. Moreover, it would be a mere delay
and should not produce distortion. If the magnification is

greater, and the positive ions produce an appreciable num-
ber of electrons, the delay will be longer ;

for the secondaries

have to travel across, and then the tertiaries, and so on, until

a steady state is established. Moreover, the delay might now
produce distortion, for the ultimate steady state will depend
on the rate at which electrons are being liberated from the
cathode at all times from the first incidence of the light to
the establishment of the steady state; rapidly succeeding
variations will interfere with each other.

The frequencies at which such distortion should appear
cannot be calculated with any precision, because enough is

not known about the details of the process. But rough
estimates of orders of magnitudes do not suggest that it
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should be appreciable at frequencies as low as 10,000.

Further, the glow discharge in a neon tube arises from ioniza-

tion by collision
;
it involves the establishment of a similar

steady state in vessels of about the same volume as a photo-
electric cell by electric fields of about the

4

same magnitude;
this discharge is known to follow alternations of voltage
as rapid as 30,000 per second, ceasing when the voltage
drops and starting again when it rises. If,' therefore, any
distortion occurs in the reproduction by a gas-filled photo-
electric cell of light varying with audio-frequency, it must
be due to some feature of the process neglected by the simple
theory that has been outlined.

In actual fact, it seems that serious distortion may occur
at frequencies as low as 2,000, over and above that due to

the capacity according to (32). We have not investigated
the matter ourselves, nor have we discovered any detailed

account of an investigation by others. But incidental refer-

ences in accounts of 'picture telegraphy and talking films

indicate clearly that, in the conditions that commonly pre-
vail, the ratio E ji in (32), falls off very rapidly at the higher
audio-frequencies. Some systems combat this diminution by
elaborate compensating circuits, usually inserted in the later

stages of the amplifier, consisting of impedances increasing
with the frequency as the current supplied to them de-

creases. We can suggest no explanation ;
further inquiry is

urgently needed, especially to determine whether the diminu-
tion of response with increasing frequency depends at all

upon the type of gas-filled cell or upon the nature and pressure
of the gas-filling; in any comparison of this nature the

magnification must always be the same, for the trouble seems
to be entirely absent in vacuum cells, and doubtless increases

rapidly with the magnification.

Alternating-current Valve Circuit.

When the photoelectric currents are alternating, conduc-
tive coupling between the cell and valve can be replaced

by any of the couplings used in radio reception. Resistance-

capacity coupling is usually adopted so that the first two

stages are arranged as shown in Fig. 37
;
in the later stages

modifications are often introduced.

It should be observed that the capacity in (32) is not
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that of the coupling condenser C . If, as is usual, G is large
compared with C and C 2 ,

the capacities to earth of the cell

electrode and and the grid of the first valve, C is rather the
sum of these capacities. R is then roughly the resistance of

RI and R 2 in parallel. These resistances are of the order of
1 megohm. Since appreciable distortion will enter, accord-

ing to (32), when the frequency is of the order of 10,000,
if (Cj + Oz ]

rises above 30 ^F., it is important that it

should be kept as low as possible ;
for this purpose it is

necessary to keep the cell and the first valve close together,

FIG. 37. AMPLIFICATION OF RAPIDLY VARYING PHOTOELECTRIC
CtTBBENTS

in order that the capacity of the leads from one to the
other shall not be large. It is immaterial for the action
of the circuit whether the anode or the cathode of the cell

is connected to the valve, nor can the choice affect that

part of the capacity which arises from the interaction of

these two electrodes. But it may affect the capacity to

earth
;
the capacity to earth of the anode is usually less than

that of the cathode.

Volumes might be, and indeed have been, written on the

elaboration of this circuit, and on the subsidiary devices

that are necessary when the alternating photoelectric cur-

rents are drawn from an apparatus for picture telegraphy,
television, or talking films.* If we dismiss them here un-

noticed, it is not because we fail to realize their impor-
tance

;
the use of photoelectric cells for these purposes is the

* The most complete description of the electrical side of a television

system is probably that given in the series of papers published in the Bell

System Technical Journal, vi, 551562 (1927).
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immediate cause of the interest they have aroused lately,
and therefore for the compilation of this book. It is rather
because we are unwilling to enter at all into a region which
the limits of our space and of our knowledge would forbid
as to explore completely.

Generation of Alternating Current.

When the light to be measured or detected is not naturally
alternating with a suitable frequency, it may be desirable
to introduce some device to make the photoelectric cur-

rents alternating, in order that advantage may be taken
of the superiority of alternating-current over direct-current

amplification.
One method is to introduce into the path of the light an

interrupting shutter, usually consisting of a rotating disc

pierced with holes. A disc with 10 holes mounted on the
shaft of a motor making 1,800 revs, per minute, gives a

frequency of 300 cycles, which is easily amplified. It should be
observed that this method involves the loss of half the light.
When the problem is one of the comparison of two illum-

inations, they may be thrown alternately on the same cell

by an arrangement of mirrors or shutters working at a suit-

able frequency. When the two illuminations are equal, the

alternating component of the photoelectric current, which

may be selected by passing the current through a trans-

former, will vanish. The position of balance can be deter-

mined by a minimum of sound in a telephone ;
or the

amplified alternating-current component may be rectified

and read on a galvanometer ; or, again, it can be amplified
still further and made to control some mechanism which

adjusts the light balance so that the alternating component
vanishes, and thus enables measurements to be made and
recorded automatically. Proposals for both the simple and
the more complex modifications of this method have often

been made and preliminary apparatus constructed
;
but we

believe that hitherto some alternative method has always
been adopted ultimately.* Doubtless, one of the difficulties

* This statement has ceased to be true. A very elegant apparatus for

the spectrophotometric determination of colour, using this method, has
been described by A. C. Hardy, Journ. Opt. Soc., America, xviii, 96 (1929).
This paper is valuable for tlva full description of the methods of valve

amplification employed,
n (5619)
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is to secure that the alternating component really vanishes

when the illuminations are equal; for this will be achieved

only if the optical arrangements are very carefully designed,
so that the decrease of the illumination from one source

occurs at exactly the same rate as the increase of the illum-

ination from the other; the sum of the two illuminations

must remain strictly constant when the balance is reached.

If this difficulty could be overcome completely, the method
would doubtless have great advantages.

Another possible method is to apply an alternating voltage
to the cell. Since the full voltage in the right direction would
then be applied for only a small fraction of the cycle, the

loss of sensitivity would be enormous if gas-filled cells were
used and very considerable even in vacuum cells. More-

over, in addition to the photoelectric current, there would
be a spurious current arising from the charging and dis-

charging of the capacity of the cell, which would become

very prominent at the higher frequencies. When this method
is proposed it is always in conjunction with a three-electrode

cell, in which a relatively small alternating voltage is applied
between the cathode and a grid interposed between the

cathode and anode
; according as this grid is positive or

negative to the cathode, the electrons are permitted or denied

access to the anode region in which they may produce
ionization as in any other gas-filled cell.* If such photo-
electric triodes are to be satisfactory, there must be little or

no emission from the grid ;
the grid must be prevented from

acquiring a surface film of photoelectric material (see page

6). Perhaps for this reason, or perhaps for some other,

photoelectric triodes are not employed in any apparatus of

which we have seen a description.

Lastly, the constant or slowly varying photoelectric cur-

rent may be passed through a commutator or interrupter
before it is passed to the amplifier. This method appears
at first sight rather heroic, and great difficulties might be

anticipated in constructing a mechanical device suitable for

commutating such very small currents at high frequencies.

Nevertheless, it has been used successfully when circum-

stances make other methods very difficult.f
*

See, e.g. British patents 279068 and 279937.

f See H. H. Poole and W. B. G. Atkins, Journ. Marine Bio. Ass.
t xv,

455 (1928).
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Modulation.

When pictures or scenes are transmitted by wireless the
photoelectric currents have to modulate the transmission.
The usual plan is to amplify the currents in the manner
already discussed, and to use them exactly as voice-currents
are used in any of the methods employed for modulation in

radio-telephony. But more direct methods have been sug-
gested. Thus, as we saw on pages 77-78, a gas-filled
photoelectric cell is equivalent, for small changes of poten-
tial, to a conductor of which the conductance is proportional
to the light. If, therefore, the cell is used as a grid leak, or
as part of a potentiometer inserted in an appropriate part
of the transmitting circuit, the output will be controlled by
the light falling on the cell as it would be by changes in the
resistance of an ohmic conductor placed in the same posi-
tion. It must not be assumed, in designing an arrangement
of this kind, that the conductivity of the cell for high-fre-
quency currents is that calculated from the voltage char-
acteristic

;
but no information seems to be available from

which the variation of the conductivity with frequency
might be deduced. Another similar proposal is to use the
cell as the condenser in a tuned loop forming part of the

transmitting circuit. The dielectric constant of the gas in
the cell increases with the ionization, and therefore with the

light ;
the capacity of the condenser and the natural fre-

quency of the circuit vary therefore with the light ; but, again,

nothing is known quantitatively concerning the variation.

In some systems of radio-picture telegraphy two carrier

frequencies in series are employed. The radio-frequency (of
the order of 107

cycles) is modulated by a high audio-fre-

quency (of the order of 104
cycles), and this in turn is modu-

lated by the low audio-frequency photoelectric currents

resulting from alternations of light and dark in the picture.
In such systems the high audio-frequency carrier is usually

generated photoelectrically, by inserting in the path of the

light a disc pierced with holes rotating at a very high speed ;

but there are considerable mechanical difficulties in obtain-

ing sufficiently high frequencies by this means. It has been

suggested that the high audio-frequency carrier might be

generated in the cell by the use of intermittent currents

according to the principles of Chapter VII; but the diffi-

culties of maintaining constant frequencies are grave.



CHAPTER XII

SPECIAL METHODS

Other Ways of Measuring Current.

THE methods discussed in the last two chapters were classi-

fied according as the current is measured by its electro-

magnetic or its electrostatic effects. But there are methods
of measuring current that fall into neither of these two
classes. Thus, it can be measured electrolytically, a method
that might be suitable if the problem were to integrate the

amount of light received over an extended period; such a

problem arises in some biological applications (see page 181).
Attention may be drawn to the ingenious, but neglected,

mercury drop coulommeter.*

Again, the use of the flashing neon tube (see page 83) has

been proposed,f The principle is precisely the same as that

of the ticking electroscope (see page 124). A condenser is

charged up to the glow potential of the tube by the current

through the cell, and is then discharged in a visible flash.

The number of flashes corresponds to the number of ticks
;

E is the difference between the glow and stopping potentials.
The method was proposed for use on board ship when only

rough measurements are required ;
it may have uses in other

similarly difficult circumstances
; but, even if specially-

designed neon tubes are used, it is unlikely that much
precision could be attained.

Use of the Glow Potential.

In the remaining methods the magnitude that is measured,

compared, or detected is not the current under an approxi-

mately constant voltage, but some other characteristic of

the cell variable with illumination.

One of these is the glow potential, which varies with the

light ;
the manner of variation is easily deduced from dia-

* 0, T. B. Wilson, Proc. Camh. Phil Soc., xix, 345 (1920). For more
usual electrolytic methods, see I. Ranzi, Nuavo CimRnlo 5, 234 (1,928) ;

W. R. G. Atkins and H. H. Poole, Proc. 'Roy. Dublin Soc., xix, 159 (1929).

t H. H. Poole, Nature, 121, 281 (1928).
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grams similar to Fig. 14. Fig. 38 shows the relation for the

plane cell and the spherical cell to which Fig. 17 refers; it

will be appreciated at once that for this method the spherical
cell is more suitable. But with any cell regularity is difficult

to obtain, because the glow potential always depends

240
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^
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FIG. 38. VARIATION OF GLOW POTENTIAL WITH ILLUMINATION

slightly on the previous history of the cell, especially at low

illuminations.

The glow potential has been used in two ways. In one a

constant voltage above the stopping potential is applied to

the cell, and the light incident on it increased till the glow
starts

;
it is then known that the light has attained a fixed

value. In the other the voltage is raised gradually, and the

potential at which the discharge occurs noted. Both of these

methods (which are essentially detection) lend themselves

readily to the making of records in accordance with the

principle of page 109.
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Another method that has been proposed is to use a gas-
filled cell as a Geiger counter.* If the voltage between elec-

trodes immersed in a gas at low pressure is maintained just
below the glow potential, the production of local ionization

between them, caused by the entry of an ionizing particle,

may give rise to a momentary discharge, which ceases again
when the local ionization ceases

;
in suitable circumstances,

the frequency of the discharges may be equal to the fre-

quency of the entry of an ionizing particle, and the number
of such particles may be counted. In a gas-filled cell the

primary electrons may be the ionizing particles, and in ideal

circumstances they might be counted individually. This

method is certainly the most sensitive that has been devised,

but is very difficult ;
no actual use seems to have been made

of it so far, but it certainly deserves consideration by those

to whom sensitivity of measurement is the first considera-

tion. It should be distinguished from a method that we are

about to discuss, in which the incidence of light stops (in

place of causing) intermittent discharges.

Intermittent Currents Small Illuminations.

But we believe though parental prejudice may blind us

that the most useful of these special methods is that which

employs the critical illumination for intermittence, accord-

ing to the principles of Chapter VII. It is especially suitable

for detection associated with control, because the inter-

mittent currents are so easily amplified; but it may have

uses apart from amplification.
One of these is the detection or comparison of illumina-

tions so small that the only alternatives are highly sensitive

electrostatic methods or very large amplifications by means

of valves. Over these alternatives the method of inter-

mittent currents has the advantage of great simplicity, and

almost complete freedom from external disturbances. A con-

stant source of potential is not needed and observations can

be taken, by means of a telephone, at almost any distance

from the cell
;
the telephone is preferably connected to the

* J. Elster and H. Goibal, Pliys. Zeita., xvii, 268 (1916); E. Steinke,

Zeits. f. Phys., xxxviii, 378 (1926).
For an account of the Geigor counter, see H. Goigor and O. Klemperer,

Zeit. f. Phys. xlix, 753 (1928), who give earlier references.
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secondary of a transformer, the primary of which is in series

with the cell and current-liniiter. A spherical cell must be
used, and, for the best results, careful selection must be
made even among cells of the same type ;

for the dark cur-

rent, which imposes the sensitivity limit varies widely, and
so far inexplicably. The sensitivity limit can be reduced to
10" 9 lumen.
Two variants of the method may be employed. In one

the current controlled by the current-limiter is varied until

intermittence just sets in, or rather till the clicks in the

telephone assume some standard slow rate say one a
second. In the other the current is kept constant, and the

light varied till the standard rate is attained. The second
alternative is the more sensitive, but the less convenient.
Both these methods are comparative only, and serve to

establish equality between two amounts of light entering
the cell. Measurement is, theoretically, possible by the use
of the relations of Figs. 21 and 22, but it would probably
have little accuracy.

Of practical details only two need be mentioned. The
insulation of the cathode of the cell must be good; the
resistance between it and the rest of the circuit must be

certainly greater than 1012 ohms. Again much depends on
the correct adjustment of the capacity C. It should be in-

creased gradually from zero until further increase produces
no considerable decrease of the least current which will give
rise to intermittence; the value required will probably be
about 100

jLt/uJF.
A variable condenser such as is used in

wireless sets will do if the insulation is good enough. A
simple and effective alternative is a glass tube wrapped on
the outside with tin-foil; mercury, poured into the tube
until the capacity is right, forms the other "plate."

Intermittent Currents Large Illuminations.

But the scope of the method is greater when lights of the

order of 0-1 lumen can be thrown on the cell, a precision of

10 per cent is necessary, and the control of subsidiary
mechanism is required. A plane cell is then suitable.

The circuit is shown in Fig. 39. For the purposes of

adjustment it is convenient to insert a niicroammeter in

series with the cell, and to place a telephone in parallel with
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the transformer; but these may be removed when the

adjustment is complete.
For the controlling diode a bright emitter is preferable

to a dull emitter, and a type is best in which the anode and

grid leads are not brought out through the same seal as the
filament leads. The insulation resistance between the valve
anode and the rest of the circuit must be at least 1,000

megohms. These parts are best enclosed in an earthed metal

box, the interior of which should contain a drying agent if

the apparatus is to be used in damp places. The remainder
of the circuit requires only ordinary insulation, and the box

can be joined to it by many feet of "ilex." Concerning the

condenser, the remarks of the last paragraph are applicable.
The high-tension supply need not be even approximately

constant, but E must always be greater than the maximum
glow potential of the cell. Rectified alternating current

from mains, smoothed by condensers, serves admirably.
The filament current should be controlled by a finely vari-

able rheostat and should be set so that the current i

through t:he cell and valve, read on the microammeter,

corresponds to the maximum of the curve in Fig. 20. That
is to say, the current should be such that the greatest

possible light (Lm )
is required to stop the intermittence. In

one sense the apparatus is then in its least sensitive state,

because the largest light is required to operate it; but in

another, and more important sense, it is in its most sensi-

tive state. For when detection is by means of a relay, the

critical light is not that which makes the intermittence just

vanish and reduces the output current to zero, but that which

reduces it to the point at which the relay opens. For sensi-

tivity, it is necessary that the rate of change of the rectified
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current with, light should be as great as possible in the

neighbourhood of the critical light. Nothing was said in

Chapter VII about this matter; and there is no need to

attempt a theory of it here. Actually, the rate of change
will be greatest when the current through the cell is adjusted
as described. Another advantage of this adjustment is that
the critical light varies slowly with i, so that great con-

stancy of the filament current is not essential to precision.
The coupling between cell and amplifier should be an

iron-cored, inter-valve transformer with the high impedance
side connected to the cell. It must not be placed in the
earthed return of the high-tension supply, for in that posi-
tion the current from the condenser would not pass through
it. The transformer and amplifier treat separately each

impulse arising from a discharge through the cell
;
the dura-

tion of these impulses is independent of, and short compared
with, the interval between them. The frequency to be ampli-
fied is not that which was discussed on page 87, but that

determined by the duration of the impulses. It is of the

order of 10,000 cycles per second, and is independent of i.

No special arrangements are necessary, therefore, to make
the set suitable for low frequencies, or to make the amplifica-
tion independent of the frequency.
The valves should be of the power type and capable of

dealing with large grid voltage swings. With one amplifier
and a rectifier, the maximum anode current, when the cell

is dark, will be of the order of 10 mA., and sufficient to work
a mechanical relay of the telephone type.
A limit to the speed of response is set by the frequency

of intermittence
;
the set cannot detect a change in light

lasting much less than the interval between two discharges,
which will be of the order of ,1/300 second; if a relay is used,

the limit will probably be about 1/10 second. If L^ and L z

are the lights at which the relay opens and closes, L^ - L2

is determined by the relay rather than by the cell or ampli-
fier. But the constancy of either L^ or Lz (which determines

the precision of detection), with a good relay, is fixed by
the consistency of the cell and the constancy of i. If the

filament currents of the valves, controlling, amplifying, and

rectifying, are subject to the variations of supply mains,

Z>j and Lz may vary by as much as 10 per cent, but if they
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are supplied from batteries, or other constant current device,
the variation need not exceed 1 per cent.

3 Jthe light to which the relay has to respond is consider-

ably less than the maximum of Fig. 20, the plane cell loses

its advantages and the spherical becomes preferable. For

very small lights a spherical call must be used, as explained
on page 159. The frequency of intermittence will now be

greatly reduced
;
but when rapidity of operation is unneces-

sary, the same apparatus can be used if a relay, sufficiently
sensitive but very slow acting, is employed. A suitable relay
can be made to work when the frequency of intermittence

is less than 1 per second, and will detect, in conjunction
with the remainder of the circuit just described, a light of

0-0001 lumen much less, it is to be observed, than that

within the range of the detector of pages 144, 145.*

Priming.

Lastly, it may be pointed out that the form of Fig. 16

(page 72) shows that, if the mere detection of light is

required, it may be desirable to "prime" the cell by a con-

stant illumination, so that an increase of illumination carries

the cell from the lower to the upper part of the curve and
caiises a great increase in current. This method is especially
suitable with plane cells in which the priming illumination

is comparatively small.

* Soe British Patent Application 17001/28. The relay consists essentially
of an -unbalanced lever pivoted, on a nearly vertical axis. It is retained in

a position of unstable equilibrium by the attraction of a magnet which

receives the intormitbont current. If the current ceases, the lever swings

round, slowly at first, but gathering momentum, and completes an electric

circuit.



PART III

THE APPLICATIONS OF PHOTOELECTRIC
CELLS

IN accordance with our decision on page 102, we were con-
cerned in Part II with methods of measuring, comparing,
or detecting the amount of light incident upon the cell.

We have now to consider the relation between this amount
of light and the ultimate cause; we have to ask how the

variations, the study or use of which provides the incentive
to using photoelectric cells at all, are best translated into
variations in the amount of light entering the cell. In many
applications this is the most important part of the problem ;

but even when it is unimportant and the answer is obvious,
the question provides a convenient method of classifying
the applications. We cannot pretend that in the following

pages we have mentioned all the applications that have been

made, and still less all that have been proposed, but we have
mentioned all of which we have found an account in likely

places. It seems that in all of these the thing studied or used,
and the ultimate cause measured, compared, or detected, falls

into one of the following classes, to each of which a chapter
will be devoted

1. Luminous flux.

2. Illumination.

3. Colour.

4. Absorption.
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but the former are unimportant, and the latter are dealt

with in a manner considered below.) In principle the photo-
electric cell ought to be used only to compare lamps at the

same temperature; but in practice this limitation can be
removed in two ways. If the range of quality is small, cells,

or combinations of cells and niters, can be found which do

agree with the eye to the necessary precision within this

small range; in this way the whole range of commercial

tungsten lamps, from the vacuum lamp of lowest tempera-
ture to the gas-filled lamp of highest temperature, can be
measured without correction to an accuracy of J per cent.

Alternatively, the spectrum (or, for incandescent lamps, the

temperature) can be determined independently, and an

empirical correction introduced for the difference between
the test lamp and the standard to which it is referred.

Next there are complications arising from the lack of

uniformity of photoelectric cells. A single eye can view at

the same time two surfaces illuminated by different sources,
and compare their brightness. But a single ceh

1

cannot dis-

tinguish light from one source from light from another; to

compare different sources hi a strictly analogous manner,
the lights from them would have to be thrown on two differ-

ent cells
;
the emission of these cells will not be exactly the

same, and equality of the currents will not indicate equality
of the lights. If equality of currents is to indicate equality
of light, the lights must be thrown alternately on the same
cell

;
the only visual method that can be adapted immedi-

ately to a photoelectric cell is the little used method of

flicker.

In most of the more .precise methods of photoelectric

photometry some modification of this method is used. But
almost as important as the difference in the emission of

different cells is the difference between different parts of the
same cell. Thus, if we are trying to use the inverse square
law, we shall set up a cell behind an opening of fixed area in

a screen, and vary the distance of the source from this screen
until the current through the cell attains some fixed value.
But unless the screen is in contact with the cathode, or at
least at a distance from it very small compared with the
distance of the source (conditions almost impossible to attain
in practice), the area of the cathode covered by the light
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passing through the opening will vary with the distance of

the source
;
if the emission of the cathode is not perfectly

uniform over its surface, equality of current will not indicate

equality of light coming through the opening. The same

difficulty enters if we are using a sphere for measuring total

luminous flux. The brightness of the surface of the sphere
is independent of the distribution of the flux from the lamp ;

but if the cathode of the cell is not a portion of the wall of

the sphere, but merely placed behind an opening in it, the

distribution of the light over it may vary appreciably with
the distribution of the flux from the source. Further, it is

not certain that, even if the cathode were part of the wall,

the current would be independent of the distribution of flux
;

for the relation between the angle of incidence of the light
and the resulting emission is not the same as that between
this angle and the resulting brightness of a perfectly diffusing
surface.

The errors arising thus from the lack of uniformity of a

single cell are not very serious ; methods have been used in

which no attempt has been made to remove them, and yet
a precision of about 1 per cent has been attained

;
but they

are appreciable when the highest precision is sought. We
can suggest no method of removing them completely, but

they can be reduced to a point where they are masked by
other errors, if a device for diffusing the light is introduced

between the cell and the aperture in the screen or in the

sphere illuminated by the source. The best device, shown
in Fig. 40, is another sphere. The sphere /S" receives light
from the source through the aperture A, which is directly

illuminated by the source if the intensity in a given direc-

tion is being measured, or forms part of the wall of the

sphere S containing the source (as shown in the figure) if

total flux is being measured. The cell is placed behind the

second aperture B, The light received by the cell is, of

course, considerably reduced, but is still amply sufficient

when lamps of 10 watts and upwards are to be measured.

If two cells are used, in order that their resultant emission

curve may resemble the visibility curve (see page 50), they
can both form part of the wall of $'.

In lamp photometry, total flux is of much more impor-
tance than intensity in a given direction. Accordingly, we
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shall assume that the flux from an aperture in a sphere in

which the source is enclosed is the quantity that has to be
measured

;
the modifications possible or desirable when the

aperture is in a screen on a photometer bench are too obvious
to require discussion. Analogy with the usual visual method

suggests that this flux should be balanced against that pass-

ing through an aperture in a screen on a photometric bench
illuminated by a comparison lamp, and measured by the

inverse square law applied to that lamp.
If the sources of error that we have just discussed could

be neglected, this comparison could be effected most suit-

ably by the revolving mirror method of page 153
;
the fluxes

would be alternately thrown directly on the cell, and the

balance judged by the vanishing of the alternating com-

ponent of the photoelectric current. Since the fluxes have
a different distribution, there would be some difficulty in

securing the necessary condition for a complete balance,

namely, that the rate of decrease of one flux should be

always equal to the rate of increase of the other; but this

would affect only the sensitivity of the method. But the

lack of uniformity of the cell would introduce systematic
errors and inaccuracy. Though the method has been used,
it is not recommended if precision greater than 1 per cent

is required.
To remove the systematic error, the light from the aper-

tures may be diffused by the arrangement of Fig. 40. A
second aperture A' is provided in S f

in a plane perpendicu-
lar to those of A and

;
A coincides with the aperture in the

sphere, A' with that in the screen of the photometric bench.

With this arrangement, it would be illegitimate to assume
that equality of the fluxes entering the cell is an indica-

tion of equality of the fluxes passing the apertures; but if

the apparatus is calibrated (as it is in precise visual work)
by replacing the test lamp in the sphere by a standard, this

assumption is not necessary. It is only necessary to assume
that the balance indicates that the fluxes passing the aper-
tures are in a ratio independent of their absolute magnitude.
This assumption is safe, so long as the fluxes are of the same

quality ;
if they are not, selective absorption by the "white"

paint of 8' might introduce error; but, since errors of this

kind are inherent in any method in which illumination
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from a sphere is compared with direct illumination, it may
probably be neglected.
With this modification the method is accurate, though the

difficulty of securing a true balance will still cause loss of

sensitivity. But it now becomes much more difficult to solve

the mechanical problem of alternating the two fluxes with
a sufficiently high frequency ;

for nothing less than 50 cycles

per second is desirable. An alternative is the commutation
method of page 105, probably applied to the output of a

direct-current amplifier (see page 140) ;
if the transformer

modification is used, the processes involved during the change
of flux are immaterial. Here the

difficulty is to find a suitable

commutator.

Departures from Visual Methods.

We see then that it is not very
easy to convert the well-estab-

lished visual method into a photo-
electric method retaining its chief Fic, 40 _ DIFFUSING
characteristics

;
these are that it ARRANGEMENT

is a null method of comparison,
accurate in principle, in which measurement is based on the

inverse square law. We must now consider whether any-

thing is gained by abandoning any of them.
The only methods that can be considered for this purpose

serious rivals to the inverse square law, as a means of

producing a known continuously variable flux, are those

employing shutters or their equivalents (see page 192). The

comparison lamp, like the test lamp, might be enclosed in

a sphere provided with a shutter of variable aperture, and
this aperture might be substituted for that in the screen

on the photometer bench. This change would solve partially
some of the difficulties that we have been discussing, because

the greater similarity of the distribution of the light from
the test and comparison lamps would make it less necessary
to use the sphere $'. Less inaccuracy, and probably less

insensitivity, would be incurred by using the revolving mirror

method and reflecting the two lights directly into the cell
;

some must remain because the two distributions would not

generally be identical
;
we have no information on which to

12- (5619)
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judge how great it would be. An iris diaphragm, would

probably be most suitable as a shutter
;
it would need calibra-

tion
;
but on the other side, is to be set the gain of avoiding

the cumbrous photometer bench. It should be noted that

the sector disc, which needs no calibration, could not be

used; for its frequency would need to be great compared
with that of the alternations of the light, and such a fre-

quency would hardly be attainable.

Accuracy in principle might be sacrificed by throwing the

lights from the comparison lamp and from the test lamp on

different cells, and using the balance method of Fig. 24
;
the

indicating instrument would be either an electrometer (see

page 118, or a direct-current amplifier (see page 132). The

sensitivity of this method would be very great ;
its accuracy

would depend on the constancy of the effective emissions of

the two cells. It could never be assumed, of course, that

their effective emissions were equal; but if the apparatus
were calibrated, as usual, by the substitution of a standard

for the test lamp, it would be sufficient if the ratio of these

effective emissions remained appreciably constant during the

interval between calibrations. Now this condition can be

secured, even when calibrations are not made more than twc
or three times a day ; but it is also possible to secure that each

emission, and not only the ratio of the two emissions remains

constant for long periods ;
and when such constancy of eact

emission can be secured, other and more convenient methods
are available (see page 172). For this reason it is ver}
doubtful whether anything is gained by a method whicl:

merely demands constancy of the ratio. Possibly it mighl

permit the employment of gas-filled instead of vacuum cells

but gas-filled cells lose their superior sensitivity when a bal

ance method is employed (see page 104). Accordingly, we

cannot see any real justification for this method, althougl
it has occasionally been employed.
Next we might cease to demand that the method of com

parison is null. (Indeed, it is not certain that the visua

method is properly classified as null.) We might adopt an]
method in which the reading of an indicating instrumen
varies with the flux on the cell, read the instrument whei
the comparison lamp is cut off, and then set the compariso]
lamp so that the same reading is reproduced when the tes
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lamp is cut off
; probably an electrometer across a high resist-

ance would be the most suitable indicating instrument. The
method would certainly be slow and suitable only for care-

ful observers
;
but for occasional observations it has the

great merit of simplicity of apparatus.
A modification of this method has been proposed that

sacrifices the last merit, but substitutes the advantage of a

permanent record. It depends upon "bracketing" the test

lamp between two standard lamps (or possibly two positions
of the comparison lamp) not very different from it. The
form of it that has been developed with great care and
elaboration employs the constant time method of page 109.

A recording quartz-fibre electrometer is alternately earthed
and insulated by an automatic mechanism

; during the period
of insulation, the fibre is momentarily illuminated at accur-

ately-timed intervals, so that the record shows a series of

dots, a line through which indicates by its slope the rate at

which the charge accumulates. During the succeeding
earthed period, the lamp is changed. Successive series of

dots thus refer to different lamps ;
in the interpretation of

the record, all that has to be assumed is that the character-

istic of the cell remains unchanged during the interval cover-

ing the measurement of the test lamp and of the two stand-

ards, one greater and one less, by which it is immediately
preceded and followed. In order to interpolate between
these standards, it is assumed that over the small range
concerned the rate of deflection is proportional to the light.

It is unlikely that such a method will ever find a use outside

standardizing laboratories of the first class
;
but it is doubt-

less capable of very great precision. The relative sensitivity
is determined by the ratio of the width of the dots to the

total deflection of the fibre; something better than 1 in

1,000 is claimed, and nothing more would be useful in view
of the inconstancy of all lamps. Systematic error seems to

be completely excluded if the test and standard lamps are

of the same type and inserted in the same sphere.

Lastly, we may abandon comparison altogether, and sub-

stitute direct measurement of the photoelectric current. The

possibility of success in this direction depends entirely on
the quality of the cell. The emission must be strictly con-

stant, both in time and in respect of variations of the light ;
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that is to say, the photoelectric current must be accurately

proportional to the light, and the constant of proportion-

ality must not change so rapidly that calibrations have to

be made with undesirable frequency. This condition demands
either vacuum cells or gas-filled cells used at a magnification
so low that their effective emission is little greater than that

of vacuum cells
;
but this is not a serious disadvantage when

lamps of ordinary commercial types are concerned, for ample
sensitivity can be obtained by suitable methods of measure-

ment. Until recently, it would have been difficult to find

in the market cells, even vacuum cells, of the requisite con-

stancy ; improvements in manufacture, and in particular the

introduction of thin film cells (see page 34), have now pro-
duced cells equal to the severe demands that this method
makes upon them ;

but it is necessary to make sure that suit-

able cells have been obtained before embarking on this method.
Those who have developed this method employ for the

measurement of the current the direct-current bridge ampli-
fier, in which the photoelectric current is compensated by
a variable grid bias (see page 142), and attain a precision
of at least per cent. The apparatus consists of a large

sphere S containing the test lamp, and a small sphere S'

containing the cell, as in Fig. 40. The cell is connected to

the amplifier. The ratio between the flux of the test lamp
and the grid bias necessary to balance the bridge is determined

by inserting standard lamps in the sphere. In setting up
the apparatus it is, of course, necessary to use several stand-

ards to make sure that the flux and grid bias are truly pro-

portional ;
but when once it is in working order, a check on

one standard, or at most two, a few times a day is sufficient.

In order that the potentiometer may be calibrated directly
in lumens, independently of any slow and small changes
that may occur in the emission of the cell or in the reflecting

power of the spheres, the resistance through which the grid
bias is applied is variable (see page 143). This is the method
which appears to find favour for the routine measurement
of large numbers of lamps among those who have studied

photoelectric photometry most closely. It has the advantage
of abolishing the comparison lamp and, therefore, the trouble-

some second electrical circuit, which has to be kept strictly
constant.
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Calibration.

The lamps used for the calibration of any photoelectric

photometer will always have been compared with the basic

standards, and usually with each other, by visual methods.
There is a certain anomaly in calibrating a more precise
method by a less precise, but here it is unavoidable. For
these lamps will usually differ from each other and from
the basic standards in colour; the comparison of lights of

different colour must ultimately be visual, because the

equivalence of differently coloured lights in respect of in-

tensity has no meaning apart from the peculiar properties
of the eye. The eye need not enter into every comparison;
we might, for example, determine the relation between

energy and wavelength in the spectrum of the source and
then deduce its visual effect from the visibility curve, which,
of course, is determined by a long series of observations on

many eyes ; but it must enter somewhere, and there is actually
little to be gained in making its entry less rather than more
direct.

When the law on which the calibration is based is one of

which the form is known accurately, the precision may be

much greater than that of the standards. Thus, if all lamps
are of the same colour, and we measure by the inverse

square law or by the constant ratio of photoelectric current to

flux, the relative precision (i.e. the error in the ratio of any
two lamps) will not depend on the precision of the standards

at all
;
and the absolute precision can be raised above that

of any individual standard if a sufficient number of standards

is used, and the differing results they give adjusted suitably
in adopting the final calibration. If lamps of different colour

are concerned, and if the precision of comparing visually

lamps of the extreme colours is less than the precision of

the photoelectric method for lamps of the same colour, it

is not certain that a precision higher than that of each visual

standard can be obtained; but some increase in precision

may be attained by multiplying the' number of standards,

and distributing those of the same colour uniformly over

the range of intensity.
The position is much less favourable when the law on

which the comparison is based is empirical, as it would be

in the shutter method of page 169; it is not then certain
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that increase in the number of standards will lead to a pre-
cision greater than that of each standard, though the prob-
ability of such increase will be greater if the law concerned

approaches nearly some very simple form, e.g. is nearly
linear.

It may be well, therefore, to point out that, by using
the second law of photoelectricity, it is always possible to

calibrate for relative values of lamps of the same colour,
without relying on any methods less precise than those to

which the calibration is to be applied. When these relative

values are fixed, the form of the law is known; absolute

values, and relative values for different colours, can then be
determined as before.

The principle is best explained by an illustration. Suppose
the sphere 8' (Fig. 40) has three apertures, one of which
leads to the cell, another to a sphere $15 and the third, pro-
vided with a shutter, to a sphere $2 . Two lamps L1} Lz are

placed in S1} and a third L3 in $2 . The shutter is set at x1 ;

LI (say) and La are then adjusted by means of the circuits

that feed them, so that a balance is obtained; L^ is now
turned off, L3 left unaltered, and Lz adjusted so that it also

balances Ls . Lt and L z are now turned on together at their

adjusted values, L3 being still unaltered, and the shutter

nraved till a balance is obtained at a reading a?2 . Then it is

known that the flux corresponding to x z is double that corre-

sponding to %. By rinding pairs of values of x, such that

one corresponds to double the flux of the other, a complete
calibration can be obtained by suitable methods of computa-*

tion. In practice it is better to use more than two lamps in

$! ;
a lamp with (say) 6 independent filaments enables sets

of values of x to be ascertained, corresponding to fluxes in

the ratio of 1, 2, 3, 4, 5, 6. It is important to observe that
the method does not involve the assumption (which is usually
false) that L: and L2 ,

when both adjusted to balance L3 , give
the same flux

;
it involves only the assumption that the flux

from Lv is not changed by the simultaneous lighting of Lz .

Nor is it necessary that LK in $2 should fulfil accurately the
conditions necessary for the measurement of total flux by
a sphere; it is only necessary that L3 ,

i.e. the comparison
lamp, should occupy the same position during calibration

as during use.
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(6) STARS

Stellar photoelectric photometry has an interest for those
who are not astronomers, because it involves the measure-
ment of very faint lights and requires the attainment of the
least possible absolute sensitivity limit. Our complete inno-
cence of astronomical knowledge would, in any case, forbid
us to discuss it from any other standpoint ;

but a few intro-

ductory remarks are necessary to indicate what is demanded.*
The chief problem is the determination of the light-curves

of variable stars ;
for this purpose a precision of about 1 per

cent is required. The work of applying photoelectric methods
will hardly be justified unless they can deal with stars as

faint as the fifth magnitude, and an extension to the sixth
is highly desirable. A first magnitude star gives at the earth's

surface about 1-7 x 10~ 5 lumens per square metre. The sur-

face of the telescope objective used for this work will not

generally be much more than 0-5 sq. metre. A sixth magni-
tude star gives (2-612)-

6 = 0-004 times the flux of a first

magnitude star; consequently, the flux at the focus of the

telescope, which has to be measured to about 1 per cent, is

about 3 X 10" 8 lumens. If the light is of the colour of day-
light, a primary photoelectric current of at least 10~13amp.
can be obtained.

In the laboratory it would probably be possible to measure
this with the required precision without magnification by
gas-filling. But in an observatory conditions are not so

favourable. The entire measuring system has to be carried

on a telescope, so that electrometers that need a stable base
are excluded, e.g. the Compton and Hoffmann electrometers.

Furthermore, the air of the observatory cannot be warmed,
and high insulation is not easily maintained. Accordingly,
no serious attempt seems to have been made to use vacuum
cells, which are alone really suited to precise measurement

;

comparatively low electrical sensitivity has been accepted
* The following papers discuss the methods, apart from the results, of

stellar photometry. The purely astronomical ':V ,'' . <-: -emed

primarily with results, do not generally give . ! : con-

cerning methods to be of interest to others than astronomers
P. Guthnick, Verh. d. Deutsche, Phys. Cfes., xvi, 1021 (1914); Zeits. /.

Inakrwnentenkda, xliv, 303 (1924). G. Rougier, Rdvue. d'Optique, ii, 133
and 3G5 (1923). E. Bonty, R&OU& d'Optique, v, 31 (1926). H. Eosenberg,

a. f. Phys., vii, 18 (1921).
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as inevitable, and efforts have been concentrated on obtain-

ing the highest possible effective emission from the cell by
using high magnifications.
An ultimate limit in this direction is set by the "dark

current," due to the incipient corona discharge (seepage 63).

But a matter that has received almost more attention is the

variation of the emission with the previous history of the

cell (see page 37), generally (but erronously) called fatigue.
The only certain way to overcome it is to keep the illumina-

tion of the cell always constant by reducing the lights from
all stars to the same intensity with screens of known absorp-
tion, and by throwing artificial light on the cell while it is

moved from one star to another. However, while methods
of overcoming troubles arising from these two sources have
been examined with great care, methods of removing them
altogether have received far less attention. As already ex-

plained, no investigation seems to have been made concern-

ing the type of cell which gives the greatest magnification
before the dark current appears ; nor has the possibility been

properly explored of using a cathode less subject to variation
under the discharge than sensitized potassium, even if it

involves some sacrifice of sensitivity.. Many astronomers
have been driven to making their own cells, but they seldom

publish details of their methods or results
;
closer co-opera-

tion between makers and users of cells is highly desirable.

For the electrical measurements, one of the two direct-

reading methods of page 109 is always adopted. The highly
sensitive methods mentioned on pages 158-159 are worth
consideration, but they are probably insufficiently accurate.
The electrometer is usually one of the fibre type suspended

so as to keep a constant relation to the vertical. The
Lindeinami electrometer, quite independent of gravity,
though designed for this purpose, has not yet come into

general use. It is a little surprising that compensation
methods are so seldom used, for they undoubtedly render
the insulation problem easier and avoid all questions con-

cerning the scale of the electrometer; but they have not
found favour, except possibly for the compensation of the
dark current. The induction method of compensation (see
page 114) would seem to present advantages, because the
calibration is so simple and accurate. It should be observed
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that any method of compensation by, or comparison with, an
artificial light does not here lead to an increase in accuracy ;

for, owing to variable atmospheric absorption, the test star

must always be compared with a standard star to which
the telescope is turned before and after measurements on
the test star; the artificial light could act only as a com-

parison lamp, not as a standard. It must be remembered
that the emission varies over the surface of the same cathode,
and that the image of the star (always greatly out of focus)
must always fall on exactly the same part of the cathode.
There is no difficulty in fulfilling this condition.

Finally though it is not strictly relevant to our subject
the question why photoelectric methods are attempted at

all requires an answer
;
to the outsider photographic photo-

metry would seem so much more suitable. We understand
that the answer lies in the distinction between sensitivity
and accuracy. The photographic method is much more
sensitive

; images of very faint stars can, of course, be ob-

tained, and their density measured ;
but the relation between

the density of the image and the magnitude of the star is so

complex that error is apt to enter with the transition from
one to the other.

(c) SPEOTROPHOTOMETRY

Photoelectric methods can be used to determine the inten-

sity of spectral lines. When nothing more is required than
a comparison of the intensity of the same line emitted

by different sources, the problem is quite simple. If the

sources to be compared can be interchanged rapidly before

the slit of the spectroscope, any of the 'methods suitable

for measuring absorptions can be adopted (Chapter XIV).
If they cannot, and if it is necessary to be sure that the

same measured current through the cell corresponds to the

same light falling upon it over considerable periods, a vacuum
cell and electrometer with compensation by induction (see

page 114) is probably the most suitable method, unless the

light is so great that a galvanometer can be used.

But when the intensity of different lines is to be com-

pared, great difficulties arise in calibration. -The magnitude
to be determined is the power carried by the radiation
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emerging from the slit; to deduce this from the current in

the cell, the emission of the cathode in amperes per watt
has to be known. This emission, as we have seen, varies

greatly, not only with the wavelength, but with the nature
of the cathode and with the particular cathode, and even
with the particular place on the cathode which the light
strikes. Calibration is, therefore, necessary under the exact
conditions of use, and the problem is necessarily reduced

ultimately to a comparison of the lines in the source under
examination with those of the same lines in some other

sources of known spectral distribution. In fact, measure-
ments of the current given by a cell exposed to different

lines from a spectroscope are made most often when the

primary object is to calibrate the cell and to determine its

emission curve. Here, since absolute measurements of cur-

rent are required, compensation by induction has special

advantages. If the light is sufficient, a galvanometer or the

bridge amplifier with compensation by the grid resistance

(see page 142) are possible alternatives. The direct-reading
electrostatic methods often used are tolerable only if no

precision is attempted, and, even then, they have hardly
the merit of convenience.

(d) MISCELLANEOUS

The measurement of the light from phosphorescent sub-
stances and from gas discharges may be mentioned as illus-

trations of the use of photoelectric methods in purely
scientific investigation. Pyrometry, or the measurement of

temperature by the quantity of light emitted from an
incandescent body, is another possible field, but one that
that has yet to be explored.

*

* See A. Posplelow, Ann. d. Pliys., xlv, 1039 (1914) (phosphorescence);
E. V. Angerer, Phys. Zeitn., xxii, 97 (1921) (gas discharge); U.S. patent
1626663 (pyrometry).



CHAPTER XIV

ILLUMINATION
Daylight.

METHODS for measuring luminous flux can always be adapted
to measuring illumination; indeed, when the area through
which the flux is received is constant, illumination is the

magnitude measured primarily, and the flux is deduced from
it. But the illumination of daylight, or its artificial substi-

tutes, has peculiar features that make special methods suit-

able. First, there is practically no limit to the amount of

light that can be thrown on the cell, or, therefore, to the

photoelectric current, if the area of the cathode can be

sufficiently increased. Cells so large that they give a current

of a milliampere or more when exposed to daylight out of

doors have been used for daylight recording. With such
cells all the usual difficulties attendant on the smallness of

the current vanish, and the problem becomes almost one of

electrical engineering. Such cells are, of course, expensive ;

but on the other hand, the associated apparatus is cheap.

Second, the changes to be measured or detected are usually

very slow and very large, so that no great speed or precision
is required. If non-automatic measurement is required,
there is probably never any advantage in adopting photo-
electric methods at all; visual observations will always be

more convenient and sufficiently precise. And when record

is necessary or detection must be associated with control,

methods, unsuitable elsewhere, may be adopted on the

ground of their simplicity. Thus a use has been suggested
here and only here, so far as we know for the variation

of the glow potential with light (see page 157). A recording
electrostatic voltmeter and a large condenser are connected

across the cell
; they are charged up by any source of suffici-

ently high direct-current voltage through a large resistance.

The recorded voltage rises to a peak at the glow potential,
and then falls suddenly as the cell discharges, tracing out

the cycle of page 81 very slowly; a curve drawn through
the peaks indicates the variation of the illumination, when

179
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the relation between illumination and glow potential has
been established by calibration. Again, for the control
of an operation (such as the turning on of lamps) that has
to be performed when the illumination passes through a
critical value, the simplest amplifying circuit of all (see

page 145) will probably be quick and precise enough.
Devices of this kind to switch street-lighting on and off are

a favourite theme of the amateur inventor
;
the objections

to them are not technical, but commercial; the device has
to be very cheap and simple if it is to be repaid by the cost

of the power saved.

However, the measurement of daylight may also present
very difficult problems. Perhaps the most difficult that has
been attacked so far is the measurement of the penetration
of sunlight into the sea. Here the necessary apparatus has
to be separated by considerable distances from the cell, and
the motion of the ship from which observations have to be
made excludes many methods otherwise suitable. Valve

amplification naturally suggests itself, for external disturb-

ances should be easily avoided
; but, actually, other devices

have been preferred.*
The measurement of the exposure of photographic shutters

is a problem to which photoelectric methods seem clearly
suitable

;
the total charge passed through the cell during the

exposure would give a direct measurement. But though
this method has been proposed several times, we have not
found any account of its use. Here the difference between
the visibility curve and the emission curve of the cell need
not enter, since the constant illumination could be measured
with the same cell. But, generally, in the measurement of day-
light, as in the photometry of lamps, allowance for this differ-

ence has to be made, andmay greatly complicate the problem.

Radiation-therapy.

The determination of the proper dose in medical treatment

by means of "artificial sunlight" is another application of

increasing importance.f It demands either the measurement
* See H. H. Poole and W. B G Atkins, Journ. Marine Biol. Ass., xiv,

177 (1926) ; and xv, 455 (1928).
f H. D. Griffiths and J. S. Taylor, The Lancet, ccix, 1205 (1925); C.

Dorno, StraMentherapie, xxv, 351 (1927) ;
A. Riittenhauer, Strahlentheravie

xxvii, 794 (1928).
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of the output of the lamps used, or of the illumination they

produce on the patient's body. We shall take the latter form
of the problem ;

the modifications necessary to adapt methods
to the former are quite obvious.

It is known or assumed that the proper dose is given
when D has some prescribed value, where

P
D =

0(ty-gt
..... (33)

t is the time of exposure of the patient to the radiation,

P the power carried by the radiation incident upon area

S of his body, and 0(/l) a function of A, the wavelength of

the radiation. (It is not clear to us how this formula would
have to be affected if the area of the body exposed were

changed ;
but that is irrelevant to our problem. )

The common

practice in determining the dose is to measure each of the

three factors on the right of (1) separately. If the radiation

were visible, the second factor, P/S, would be proportional
to the illumination at the surface of the patient's body, and

may here be called the illumination L. The problem of

measuring it photoelectrically is precisely similar to that of

measuring the visual illumination.

If a cathode of constant effective area is exposed in the

same position relative to the source as the patient, the

primary photoelectric current i will be proportional to L
so long as A is unchanged. But if A varies, i will be propor-
tional to a(/()L, and we shall have

If the dose is to be measured by it and this is the ideal

when A varies, 6/a must be constant, just as in the measure-

ment of visual illumination, vja must be constant. Herein

lies the main difficulty of the problem, for, in practice, neither

homogeneous radiation is used, nor mixed radiation of con-

stant composition, but sources of many different kinds with

very different spectra.
6 is supposed to be known, at least approximately; its

relation to A is given by a curve similar to IV in Fig. 41.

Only relative values can be given; for d has not yet been
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defined in a way wliich would give absolute values any mean-
ing. It has been determined experimentally by observing
the "erythema dose," that is to say, the least exposure to

radiation that will cause reddening of the skin. It is assumed
that this dose is given by a formula similar to (33), in which

6(X] is replaced by another magnitude 0'(A), such that the
ratio 6/6' is independent of 1. For photoelectric dosage we
require a cell, or combination of cell and filter, with an
effective emission curve similar to the 6 curve.

No cell without filter is known to have an emission curve
at all similar

;
for no known cathode (with the possible excep-

tion of calcium) has a maximum below 350 ra/i ;
all have

curves of form A (Fig. 2) in this region. Filters appear,
therefore, absolutely necessary if the 6 and a curves are to
be at all similar; and since the form of the curve must be

imposed by the filter (if it can be found) rather than by the

cathode, the best cathode will probably be that which has
the maximum emission in this region regardless of its emis-

sion elsewhere. This cathode is probably lithium, though the

facts are very uncertain (see page 46). So far the appro-
priate filter does not seem to be made

;
certain glasses will

give the steep rise of the curve on the short wavelength
side

;
the limitation on the long wavelength is likely to present

more difficulty.

But perhaps this difficulty might be surmounted by using
a cathode having a threshold near the long wave limit of

the erythema curve. Cadmium is such a cathode, having a

threshold at 313 m/j,. Curves I, II, and III in Fig 41 show
the emission of the cadmium cell unscreened and screened

with two filters that give fair approximations to the erythema
curve. The agreement is not good; it might possible be bet-

ter if a metal with a rather longer threshold were adopted,

e.g. silver (339 m/j,) or zinc (343 m/u), for the emission is very
small for some distance on the short wavelength side of the

threshold.

The problem is, therefore, not yet solved; and, indeed,
it does not seem likely of immediate solution. For the medi-

cal facts upon which everything turns appear much less

certain than has been suggested so far. The actual position
is that medical men are using unscreened cadmium cells to

determine therapeutic doses from sources as various as
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mercury and tungsten arcs. But the response of such cells

to the mercury arc arises almost wholly from the line at

254 nip, which lies outside the whole of the erythema curve,
while its response to the tungsten arc arises partly from
within it. Moreover, therapeutic action is attributed to

sources (such as incandescent tungsten in quartz bulbs)
which excite no appreciable effect at all in the cadmium
cell. Either current methods are entirely misleading, or the

erythema curve does not determine therapeutic effect. The
whole subject of "ultra-violet dosage" seems enveloped in a

black fog of contradiction
;
as in the early days of X-rays,

medical men are asking for the physical measurement of

something that is as yet physically undefined
; progress must

come from the physiological rather than the physical side.

But if the medical world is determined to use photoelectric
methods for dosage and undertakes the responsibility for

doing so, the question of the best method of measurement
is one on which a physicist may offer advice. However, even

here, a full discussion would be out of place, because the
methods adopted are sure to be those at present in use for

measuring X-ray dosage by ionization methods. The cur-

rents concerned are generally of the same order, and the

apparatus is likely to be used by the same personnel. The
prime requisite is that it should be portable, and need no
skilled attention

;
this is

1 most likely to be attained by the
use of either very simple or very elaborate methods. In the
first class, attention may be drawn to the ticking electro-

scope, developed originally for X-ray dosage ;
in the second

come elaborate valve amplifiers connected to the cell by
long leads. The problem of ultra-violet light is simpler than
that of X-rays, because no elaborate shielding is necessary
to prevent the rays reaching parts of the apparatus other
than the cell.



CHAPTER XV
COLOUR

Colour and Spectral Distribution.

COLOUR lias no meaning apart from vision, and no instru-

ment but the eye can determine finally and universally
whether two lights are of the same colour. But it is closely

connected with the spectral distribution of the light, that

is to say, with the function W(k] that gives the power of

the spectrally resolved radiations of wavelength A. If two

lights, denoted by suffixes 1 and 2, are such that W^Wz
is the same for all values of X (or for all values of A within

the visible spectrum), then the lights are of the same colour.

But the converse of this proposition is not universally true,

and lights of the same colour may have different spectral
distribution.

The only way to determine colour with perfect certainty
and generality by photoelectric cells, or any other physical

method, is to determine W(l). We must measure the product

.cr(A) W(l) for each wavelength and know cr(A).* But when the

colour is known to lie within certain limits, an abbreviated

method is possible. If the two lights are thrown on two
different cells, denoted by suffixes a and b, and the primary

photoelectric currents excited in them are Ial ,
/a2 ,

/&1 ,
I&2 ,

then

. . . (34)

and similarly for the other suffixes. AA depends on the

proportion of the total light that falls on the cell a. If the

apparatus is arranged so that

A al
= A aZ ;A bi

= An .... (35)

* If the colour to be determined is that of an absorbing body and not.

that of a light, or(A) need not be known ;
all that is required is the ratio of

TF(A) for the incident light to that of the light reflected or transmitted.

But the problem* is then one of absorption, and belongs properly to the

next chapter.

1S5

13 -(5610)
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and, if it is found that

^i =
Ip. (36)

then, unless certain special relations exist between aa ,
<r6 ,

I7l5 T'F 2 ,
either aa/ab or W^W^ must be independent of L

If the lights belong to a class for which these special rela-

tions are known not to exist, and if the cells have been

deliberately chosen so that cr /cr6 is not independent of A,

then the only conclusion possible is that Wj_JW2 is indepen-
dent of /I, and that the lights are of the same colour.

The special relations will not exist in general if the W's
of the class of lights to which 1 and 2 belong form a series

of one dimension, and are determined by a single parameter

varying monotonically within the class. In particular they
will not exist when W(X) is P(A, T) of page 43, and the

lights in question are those from complete thermal radia-

tors, so that the colour is completely determined by the

temperature T. Then, if the cells have different emission

curves, so that cra/cr6 varies with the wavelength, if (35) is

made true and (36) found to be true, the lights are of the

same colour and proceed from radiators at the same colour

temperature.

Colour Matching.

This is the basis of a very precise method of comparing
temperatures (or at least colour temperatures) of more than

2,000 K. The light from one of the two bodies is thrown

upon two cells of different emission curves. The cells are

balanced against each other as in Fig. 24, and by means of

shutters, or similar devices, A al) A^ are adjusted, so that

/al
= J61 . Light 2 is then substituted for 1 by a method

that ensures that (35) is fulfilled, and that the proportion of

the light entering the two cells is unchanged ;
if Iaz 7&2 ,

the lights are of the same colour; more generally the rela-

tion between the temperatures T and T2 can be determined
from the ratio Io2//&2 .

Of course, the null method, resulting from making Jal= /B1 ,
is not absolutely necessary. It was not actually used

in the first application of the method, namely, to the colour
index of stars. Here it is probably not convenient, and the
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differences in colour are so great that great sensitivity is

not required. But in application to terrestial sources, such
as incandescent lamps, great sensitivity such as cannot be
obtained without this method may be necessary. If it is

employed, precision is likely to depend on accuracy rather
than sensitivity; for it is not easy to secure that (35) is

accurately true, and "that the proportion of the light falling
on each cell is exactly the same for both lights. Even when
the sources are of closely similar form, and the cells are

presented to apertures in a diffusing sphere in which they
are contained, errors may arise from small differences in

the distribution of the, light (of. page 167). One method of

removing them is to rotate the cells, so that their apertures
travel over exactly the same path ; another is to use several

pairs of cells, so that the distribution must be symmetrical
with respect to the set as a whole, whatever it is with respect
to the source.

In order to obtain the different emission curves <ra (/l),

<7& (A), cathodes of different materials may be used, or the
same cathode covered with differently coloured filters, or a
combination of different cathodes with different filters. The
second alternative is 'the simplest ; but, if large differences

between aa and cr6 are to be produced (as is clearly desirable),
it involves a considerable absorption of light and loss of

sensitivity. On the other hand, it might possibly make it

easier to secure the accuracy of (35), if the same cell were
used with different screens

;
but then there is a further loss

of sensitivity because the best null methods are not possible.
The third is clearly better than the first. For the cells

have usually to be placed symmetrically with respect to the

light source
;
in order to secure that Jal

= Jaa ,
the light

incident upon one or the other will have to be cut down;
the difference between er and cr& may be increased by cutting
it down with a filter that tends to increase that difference.

Sodium and rubidium cells have generally been used. The
data on page 51 suggest that potassium would have been

better than sodium
;
and nowadays a thin film cathode would

certainly be used in place of rubidium.

In the most precise work, precision was limited by the

constancy of the lamps ;
a change of 1 part in 5,000 of the

voltage applied to the lamp could be detected, corresponding
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to a change of 0-3 in a temperature of 2,400 K.
}
or a change

of about 1 part in 2,500 in the ratio Ja2//62 . A highly-
skilled observer can detect by eye a change of about 3.
But precision of this order would be very difficult to obtain

in general pyrometric work, because of the need for securing
that (35) is true.* We have heard that a photoelectric pyro-
meter based on this principle is being used, in which the

alternating light method of page 168 is used, the cell being
covered with differently coloured filters

;
but we do not know

how, or in what measure, the difficulties are surmounted.

Colour by Absorption.

Changes in hue (and we have so far used colour in the
sense of hue) are often accompanied by changes in shade,
so that the total light emitted varies with the colour; the

colour may then be discriminated more conveniently by
the change in the quantity than in the quality of the light.
When the lights are emitted directly from a source, as in

the examples just mentioned, discrimination "by quantity is

not easy, because the area of the source, the light from which
reaches the cell, has to be kept constant. In lamps, for

example, though the total light from a given area of the
filament varies with the temperature concurrently with the
colour of the light, it would not be easy to distinguish

changes in total quantity due to changes in the area from
those due to changes in temperature.
But when the light is that reflected from or transmitted

by some body or medium, the relative advantages of dis-

crimination by quantity and discrimination by quality are

reversed; colours arising from absorption are usually best
identified by measuring quantity, and therefore fall within
the scope of the following chapter. It must be remembered
that in this matter estimation by the eye may be very mis-

leading; for the eye is much more sensitive to changes of

quality than to changes of quantity. A good example is

provided by the problem of titration by certain indicators,
of which methyl orange is typical (see page 201). The eye
detects the end point best by the change in the hue of the
transmitted light, but to the photoelectric cell this change

* Research Staff of the General Electric Co., Journ. Sci lust ii 177
(1925).

'* '
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is very small; detection by balancing cells of different emis-

sion curves is not at all sensitive. On the other hand, if

a filter is interposed which transmits a narrow band of the

spectrum in the region of the absorption band of one of the

two phases of the indicator, the end point is indicated by a

rapid change in the quantity of the transmitted light. To
this change the eye is insensitive, and the precision of titra-

tion is decreased by the filter when the change is observed

visually ;
but the cell is sensitive to detect changes of quan-

tity, and the precision is greatly increased, when photo-
electric methods are used, by interposing the filter and

measuring quantity, not quality, of the transmitted light.



CHAPTER XVI

ABSORPTION

The Measurement of Absorption.

BY absorption we shall mean here any effect of matter on

light that changes the quantity of light passing to a receiver

fixed relatively to the source. The absorption coefficient (or,

more briefly, the absorption) of an absorber is the ratio in

which the light passing to the receiver is changed by its

presence ;
this ratio is usually independent of the quantity

of .light from the source, but often dependent on its quality.
The absorption coefficient can be determined by two inde-

pendent measurements of the light received in the presence
and the absence of the absorber; but if the source or the

cell is liable to variations, there is advantage in making the

two measurements dependent in such a way that their ratio

is independent of these variations. Methods possessing this

advantage are almost always used in precise measurement
;

we would not suggest that they are not generally preferable,
but it should be realized that very constant sources and
cells can be obtained, and that these methods are not always
necessary. The output in lumens of a suitably-constructed
electric incandescent lamp can be maintained constant to

1 part in 400 over many hours
;
but it must be constructed

rather more elaborately than most commercial lamps, and
the voltage across it must be controlled to 1 part in 1,500

by means of a potentiometer. The output as measured by
a potassium photoelectric cell varies rather more rapidly
with the voltage ; on the other hand, the total power output,
as measured by a thermopile, varies much less rapidly. If

the absorption is independent of the quality, there is a valid

reason for preferring a thermopile to a photoelectric cell as

a measuring instrument; but it is not so weighty as may
appear at first sight, because the voltage control necessary
for constancy can easily be attained whichever is used

;
the

real limit to constancy is irregularity in the lamp itself, not
in the supply.

190
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Three methods have been employed for eliminating varia-

tions in the source, or in the cell, or in both %

I. Rapid comparison.
II. The Koch resistance (see page 153).

III. Compensation.

I. In this method measurement is reduced to comparison.
A body of known variable absorption is substituted for that
of which the absorption is to be measured, and its absorp-
tion is adjusted until the photoelectric current does not
alter when the substitution is made

;
the change from one

body to another is made so rapidly that no variations of the
cell or the source can occur in the interval. If the alter-

nating light method of page 153 is employed, the substitu-

tion can be made so rapid that the fluctuations of even the
most variable sources, such as open arcs, are immaterial.

Otherwise, the source has to be so constant that it will not

change materially in the interval between two observations ;

this condition imposes some limitations, but, nevertheless,
the method is very convenient. It is suitable for use with

large amplification in the simplest valve circuits; for the

irregularity and steady drift that are the main objections
to such circuits are of little importance. Another form of

it is the method of bracketing in conjunction with auto-

matic registration (see page 171) ;
the unknown absorber and

known absorbers with absorptions slightly greater and less

than that of the unknown are introduced before the cell in

regular succession, and the final result attained by inter-

polation. This is a method of extreme precision, but re-

quires elaborate apparatus, and a source that will not vary
irregularly over periods of a few seconds.

II. The light from, the source is divided between a "meas-

uring cell" to which a constant voltage is applied, and
before which the absorber is introduced, and a "resistance

cell" serving as a resistance in the steady deflection method

(see page 112). The method eliminates variations of the

source, but not of the cell. The resistance cell is likely to

be even more troublesome than the measuring cell; for

since the voltage applied to it is low and continually vary-

ing, surface charges on the walls may disturb the field; a

cell should be used in which the area of bare glass is as small
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as possible. Since it does not eliminate variations of the

cell, it is not capable of great precision, but it is rapid and
convenient. Calibration is needed, because the resistance cell

does not obey Ohm's Law. The form of the calibration curve

can be controlled to some extent by adjusting the pressure
of the gas in the resistance cell. If there is no gas and the

voltage curve is concave to the voltage axis as it tends to

saturation, the scale will be more open at the larger illumina-

tions. If it is filled with gas at a high pressure the scale will

be nearly linear over a wide range. If it is filled with gas
to a pressure at which ionization by collision becomes im-

portant at low voltage (it can never enter below 16 volts),

the characteristic will be concave to the voltage axis and
the scale more open for the smaller illuminations.

III. Here two cells illuminated by the same source are

balanced against each other as in Fig. 24. In one form of

it (a) the cells are balanced in the absence of the absorber,
and the change due to the introduction of the absorber
before one of them compensated by the decrease of the light

falling on the other in a known ratio. In the other form (6)

the cells are balanced with the absorber in place ;
the absorber

is removed and balance restored by decreasing the light on
this cell in a known ratio. Both methods assume that the

ratio of the effective emission of the two cells remain con-

stant during the period of measurement; but (6) is more
accurate because it does not assume that the relation between

light and current is the same in the two cells. If the restora-

tion of the balance in (b) is sufficiently rapid, the method
reverts to Class I.

In all these methods devices are required for reducing
light in a known ratio, if only for calibration. The devices

that have been employed fall into two groups, those depend-
ing on a law known accurately, and those depending on an

empirical law, which requires further calibration, probably
by devices of the first group.
In the first group are

Optical bench employing the inverse square law.

Rotating sector disc.

Mcol prism.

Partiallyreflecting plate set at a varying angle of incidence.
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Of these the sector disc is probably the best.* As workers
in photometry know, the conditions in which the inverse

square law are accurately true are by no means easy to

attain, and they are harder to attain in photoelectric than
in visual photometry. The Nicol prism requires rather

elaborate optical arrangements, but is otherwise satisfactory.
The partially reflecting plate falls within this group only if

its surface is kept very clean
;
for the textbook law relating

the reflection coefficient to the angle of incidence is true

only if surface films are avoided. It should be noted also

that since the degree of polarization of the reflected (or

transmitted) light varies with the angle of incidence, it is

not certain that the emission from the cell will be simply

proportional to the intensity of the light.

In the second group we have

Grey wedge.f
Blackened gauze.

Varying current through lamp.

Varying voltage on cell.

The first two are well known optical devices. The absorp-
tion of blackened gauze is very nearly independent of the

wavelength throughout the entire range of the visible, near

infra-red and near ultra-violet spectrum. The grey wedge
is not nearly so trustworthy in this respect, especially when
made out of a photographic plate progressively darkened.

Variation of the current through the lamp, of course, is

applicable only when none of the methods that eliminate

variations of the source is used
;
it is useful in very rough

work; it must be remembered that the quality as well as

the quantity of the light varies. Variation of the voltage
of the cell (which changes the effective emission and is

equivalent to a change in the amount of light) is useful over

a small range.

* The sector disc cannot be used unless Talbot's law is true, i.e. unless

the time average of the photoelectric current is determined wholly by the

time-average of the incident light. The law is always true if the current is

proportional to the light and sometimes when it is not (see G. H. Carruthors

and T. H. Harrison, Phil. Mag., vii, 792 (1929) ); but ib is not true when

proportionality fails because a gas-filled coll is being used very near its

glow potential (see page 71).

|-
The "

Goldberg
"
wedge is described in Zeit. Wiss. Photographic, xx,

238 (1911).
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In Methods II and III, light from, the same source has to

be thrown on both cells in such a way that the distribution

of the light is unaltered by variations in the source. Direct

exposure to the source is not suitable when the variations

of the source are large; for the distribution of the light

usually varies with its intensity. It is better to place the

source at the centre of a diffusing sphere (or cube) into

which the cells look, screened from the direct light. Or a

semi-transparent mirror may be used to divide the light,

especially if the light has to be transmitted through an

optical system of lenses and mirrors.

Finally, a useful test for the perfection of the apparatus

may be noticed
;
it is the measurement of the absorption of

the same absorber for light of different intensity, but of the

same quality (unless the absorption is independent of the

quality). The same value must always be obtained. The
test is convenient also to decide whether the response of a

single cell is proportional to the light (see page 76) ;
if it

is, measurement of absorption with different lights, calcu-

lated from the ratio of the photoelectric currents, will be con-

stant. A series of blackened gauzes are the most suitable

absorbers for this purpose.

Examples of Measurement.

The most important application of the true measurement
of absorption is to the densities of photographic plates ;

and
in particular to registering microphotometers for determining
the densities of star images or of spectral lines. For this

last purpose the steady deflection method is generally used
with a fibre electrometer. The Koch resistance was intro-

duced first into an instrument of this kind, but it is by no
means certain that it leads to greater precision than a fixed

high resistance if a suitable source of light is used. The
alternative to the photoelectric cell in this application is

the thermopile, and it is rather surprising that the latter is

being gradually replaced by the former; the thermopile is

rather slower and needs larger lights, but it is likely to be
more regular. References to some of the instruments that
have been described are given in the notes ;* but new forms,

* P. P. Koch, Ann. der. Phys., xxxix, 705 (1912); F. Goos, Zeits J.

Instrumentenlcde, xli, 313 (1921); E. Backlin, Zeits. f. Instrumcnlenlcdc,
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for which new advantages are claimed, are still being pro-
duced

;
we have no experience on which to assess their rela-

tive merits, which, indeed, depend largely on parts other

than the arrangement for measuring the light. But one

point should be noted
;
the loss of intensity suffered by a

beam of light in passing through a photographic plate is due

partly to true absorption, partly to scattering. The propor-
tion between these two parts, and, therefore, the measured

absorption, varies with the optical arrangements.
In this application the wavelength of the light is imma-

terial; for though the absorption of a photographic plate
varies considerably with the wavelength, all that matters

is the varying absorption of different parts for the same

light. When the absorption for homogeneous light has to

be measured, and its relation to the wavelength determined,
the amount of light available is usually limited

;
the cell is

preferable to the eye or the thermopile in the visible region,
because it is more sensitive, especially to the shorter wave-

lengths. In ultra-violet light it offers the only alternative

to the photographic plate, and has usually the advantage
of accuracy ;

the best of the thin film cathodes (see page 34)

can be used for measurement in the near infra-red, at least

as far as 1000 m/u, and are a serious rival to the thermopile.
Photoelectric methods have actually been used for measur-

ing the transmission of light filters, including as an impor-
tant class glasses which transmit in the region of 300 m^,
and the absorption spectra of various chemical compounds,
with a view both to determining their structure and to using
their absorption in chemical analysis.* This last use leads

naturally to photoelectric titration (see below).

xlvii, 373 (1927); H. Beutler, Zeits. J. InstrumentenJcde, xlvii, 61 (1927);
G. Hansen, Zeits. /. Instrumentanlcde, xlvii, 71 (1927); F. Goos and P. P.

Kock, Zeits. j. Phys., xliv, 855 (1927); P. Lambort and D. Chalonge, Rev.

d'Optique, v, 404 (1926); J. 0. Perrine, Journ. Opt. Soc., Amer., viii, 381

(1924); F. 0. Toy, Journ. Sci. Inst., iv, 369 (1927).
For relative advantages of thermopile and photoelectric cell, see H. B.

Dorgalo, Phys. Zeits., xxvi, 756 (1925), and F. Goos and P. P. Koch,
Phys. Zeits., xxvii, 41 (1926).
A ganoral discussion of methods of measuring photographic densities is

contained in G. M. B. Dobson's Photographic Photometry (Oxford Uni-

varsity Press, 1926)
* The most complete studies of the measurement of absorption have

bjen made by K. S. Gibson, Scientific Papers of the Bureau of Standards,

No. 3t9, vol. xv, 325 (1919), and Journ. Opt. Soc. Amer., vii, 693 (1923),
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Again, photoelectric methods have been used to replace
visual observations in polarimetry.* So far, the cell has been
used as a substitute for the eye in the judgment of the

intensity of light transmitted through crossed nicols. It may
be observed that since the photoelectric emission due to

light incident obliquely varies with the plane of polarization,
the cell might conceivably be used to measure polarization
without the usual methods of translating differences of

polarization into differences of intensity. But it is unlikely
that any method based on this principle would be actually
useful.

Lastly, the projected area of an opaque body may be
measured by means of its absorption for a parallel beam of

light. By this means the variation in the diameter of yarn
has been investigated by passing it before a slit through
which light passes to a cell.f Other uses of the same

principle are probable in the near future.

Grading.

The uses of photoelectric cells in the detection, as distinct

from the measurement, of absorption are far more varied.

But there are certain applications intermediate between
measurement and detection; absorbers have to be graded
into a large number of classes characterized by different

absorptions, but their absorptions are not truly measured by
the assignment of numerals.
The most interesting of these is, undoubtedly, television

; J
here the graded absorption (in our wide sense) of the scene
viewed for the light thrown upon it has to be translated into
a correspondingly graded brightness of a screen at the receiv-

ing end. The principles by which attempts to solve the

problem have been made hitherto are well known, but may

and by H. Halban in a long series of papers beginning with Zeits. /. Pl,ys,
Chem., xcvi, 214 (1920), and leading up to a critical survey in Proc. Eoy.
Soc. A 116, 153 (1927). See also H. L. Tardy, Rev. d'Optigue, vii, 189 (1928).

. Mention should be made again of the machine for tracing automatically
.-rr-i'i rr-r-V'-'-vi.i '.' ..bsorption curves described by A. C. Hardy, Journ.
<i

:
.'. .-'..-.. -\->-r r

:

-.'. \-riii, 96 (1929). See note to Chapter XT, page 15'].
!i:

1C. VT.".. i!.,:|l,i;.,, D. R. patent 386537. (See Nature, 119, 85 (1827);
J. Kenyon, Nature, 117, 304 (1926).
f S. G-. Barker and S. R. Stanburg, British Research Association oj the

Woollen and Worsted Industries, publication 105 (1928).
t See e.g. Bell System Technical Journal, vi, 561-562 (1P27).
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be stated briefly. In the older method an image of the object
is thrown on a disc scanned rapidly by a hole which permits

light from different parts of the object to fall in orderly
succession on the cell. The corresponding variations in the

photoelectric current are amplified, transmitted to the re-

ceiver, and there made to cause variations in the potential

applied to a neon lamp and, therefore, corresponding varia-

tions in the light emitted from. it. A hole moving exactly
in step with that at the transmitting end allows the observer

to see this varying light in positions corresponding to the

positions on the object from which came the corresponding

light. The relation between position and light intensity pre-
sented to the observer is, therefore, similar to that existing
in the object viewed. In a later alternative there is no scan-

ning disc between the object and the cell, but the only light

thrown on the object is an intense spot which scans it in

orderly succession. The cell receives all the light reflected

or diffused from the object ;
the current in it at any instant

varies as before with the absorption of the part of the

object scanned at that instant.

In either method, the highest possible sensitivity of the

cells is desirable in order that the variations of potential

communicated to the amplifier should be as large as possible,

compared with the inevitable stray disturbances that set

a limit to the amplification practically possible. It
is^im-

possible to increase these variations beyond a certain limit

by increasing the resistance E in Fig. 37, because distortion

and loss of amplitude at the high frequencies employed is

incurred in accordance with the conclusions of page 149;

hence the photoelectric current must be large . Gas-filled cells

with large magnifications are always employed. It is then

necessary that the distortion mentioned on page 151 should

be as small as possible. A linear relation between light and

response is desirable ;
but in the present state of develop-

ment this is not very important. In the second method,

very large cells have to be used or else a very large number

of small cells in order that as much as possible of the light

from the object may be utilized.

Difficulties other than those immediately arising from the

photoelectric cells lie beyond our province; but, perhaps, it

is relevant to point out why there is so much difficulty, lor
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the eye, which, it is the object of television to replace, is

nothing but a collection of photoelectric cells with a very
simple optical system ;

each element of the retina is doubtless
a kind of photoelectric cell (see page 20) ; surely a physical

copy of such a system ought to be possible. The reason lies

partly in the great number of these elements, and the great
number of channels (the individual fibres of the optic nerve)
that connect them with the receiver (the brain), but more
in the extraordinarily efficient use that the brain makes of

the messages it receives. Even if we could use as many cells

as there are in the retina, and as many channels of trans-

mission, (e.g. separate telephone wires) as there are in the

optic nerve, and thus reproduce exactly on a screen the
information on which the brain bases its conclusions, it is

likely that this information would appear much less com-

plete when it has to pass through the eye once more than
when it is communicated directly to the brain, which has
had so much practice in interpreting it when received in
that particular way.

The problems of picture-telegraphy do not belong here

properly because they are those of pure detection.* The
cell has usually to distinguish only between two grades of

illumiiiation
3 though in some systems of picture-telegraphy

grading is attempted otherwise than by the half-tone system,
which reduces differences of shade to differences in the num-
ber of absorbent objects. But its photoelectric problems are
so similar that it would be pedantic to separate it. The
arrangements at the receiving end differ only in detail, and
not in principle, from those of the second method of tele-

vision in which scanning is by a spot of light. Sensitivity
is still very important, for though greater illuminations are

usually available than in television, very high frequencies
are employed and, as we have seen, the accurate trans-
mission, of such frequencies requires a large photoelectric
current.

"Talking Films," on the other hand, present a problem
of grading. The sound is recorded on the film as the undula-
ting boundary of a black area running along the length of

* The bast accounts of systems of picture telegraphy are those by F.
Sehrober, Z&its. /. tech. Phys, vii, 417 (1926); Mektrotech. Zeits, sdvii, 719,
(1926). H. E. Ives, Bell System Tech. Journ., iv, 187 (1925): Journ. Ovt.
Soc. Amer., xv, 96 (1927).

^
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the film. A slit perpendicular to thatflength, and receiving-' ;; .,'

light from a source, is more or less obsoured~-aTeGordrrrg
r;;a^

the boundary moves across it. The consequent variations in

photoelectric current are translated into sound. Here, in
addition to sensitivity, proportionality of current to light
over the whole audible range of frequency is important ;

the
demands made on the cell are extremely severe, and much
investigation will probably be needed before they are met
completely. If they can be met, films may well replace

gramophone records and photoelectric cells become, like

valves, part of a normal domestic equipment; for the life

of films should be longer.
Another problem of grading, though of an entirely different

nature, is the automatic sorting of articles according to their

colour. It has* been attacked in connection with cigars.*
The problem is best reduced to one of multiple detection, the
articles being subjected to a succession of "go" or "not go"
tests. The principles are obvious, but the requisite mechan-
ism extremely complicated.

Detection.

The detection of absorption occurs in its simplest form
when a beam of light incident on the cell is cut off by an

opaque object or otherwise deflected from it. If the change
from light to dark is made to work a relay, the motions of

one part of any moving mechanism can be made to control

the operations of other parts. The possible applications of

photoelectric cells in this manner are innumerable, but in

most of them, though they may appear plausible at first

sight, further inquiry shows that the proposed function can
be better performed in some other way, mechanical or elec-

trical. Nevertheless, there is scope for photoelectric methods,
when the moving parts are too delicate to operate a material

mechanism, or when they are inaccessible to anything but
a beam of light.

One of the most interesting applications of this kind is

the control of "slave" clocks by a "master" clock,f A slit

in the pendulum of the master permits a beam of light to
* Seo Scientific American, December, 1925.

]|-
M. S^huler, Zeits. /. Phys., xlii, 547, (1927). G. Feme and R. Jouast,

Czmptes Rendues 180, 1145 (1925); 184, 56 (1927). J. E. Fox, Joum. Opt.
Soo. Amer., xv, 364 (1927).
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fall on a cell once in every oscillation; an impulse is thus

given to the slave clocks and, through them, to the master
;

if need be, a signal is emitted. The great advantage of the

method is, of course, the absence of any mechanical reaction

on the master clock. A further development in the same
direction is the attempt to make "clock-stars" record their

own passage across a fiducial mark in the meridian tele-

scope, and thus to secure freedom from all personal errors

in the determination of the time of then: passage. The chief

difficulty here lies in making the operation of any relay

sufficiently free from time-lag, when the light available is

so small
;
for the photoelectric current has always to charge

up an appreciable capacity before it can indicate its presence.
But some very simple applications have also been found

useful. Thus, objects too light to operate a mechanical
counter can be counted by their interruption of a beam
directed on a cell. Again, the ley^^joiJigmd^n_a_ closed

1 ^.g. the water gauge of a boiler) can be detected.

Burglar alarms have been proposed in which the presence
of any unauthorized object in a room obscures a source of

light on one side of it from a cell on the other; invisible

light, and especially infra-red light, is usually a part of the

scheme
;
since cells having any appreciable sensitivity to

infra-red light have been available, the scheme has become
at least technically feasible. The possibility of other forms
of secret signalling may interest naval and military author-

ities. One further suggestion in this group may be men-
tioned for its ingenuity, though it is not likely to be realized

;

it has been proposed to replace the tangle of wires in an
automatic telephone exchange, connecting the various re-

lays, by beams of light which would not interfere with each
other at their crossings.
The use of photoelectric cells in conjunction with the spot

of a galvanometer or other reflecting instrument is another
favourite suggestion. Here, again, the thermopile is a
serious competitor ;

for by means of Moll's thermo-relay the

sensitivity of galvanometers has been brought up to the
theoretical limit by a plan essentially the same. But it may
be noted that if the current operating the galvanometer is

of photoelectric origin, the problem of photoelectric grading,
e.g. of coloured objects, is simplified; according as the
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deflection falls within one range or another, the spot might
set into action a corresponding photoelectric relay.
A much more promising field, which is being developed

rapidly, is chemical titration in which the colour change of

an inclicator or the occurrence of turbidity indicates the end

point.* When the colour change is used, the path of the

light between source and cell should include an appropriate
light filter as well as the absorbing solution

;
the transmission

of this filter should be confined as closely as possible to the

region of an absorption band characteristic of the indicator

in one of its states, but not in the other
;
the change in the

absorption of the combination of filter and indicator accom-

panying the change of state is then much greater than if

no filter is used.f In these circumstances the photoelectric
method is much more sensitive than the visual; moreover,
the titration can be made automatic by means of a relay, and
the supply of the standard solution stopped when the end

point is reached.

When turbidity indicates the end point, it is much better

to use scattering rather than absorption (in the narrower

sense) ;
a beam of light is passed through the solution, but

does not impinge on the cell, which receives only scattered

light. The same method provides a very sensitive method
of detecting suspended particles smoke or dust in air or

other gas; in fact, the sensitivity is limited only by the

intensity of the beam that is passed through the gas, and the

perfection of the optical arrangements in preventing light
scattered by anything but the dust from reaching the cell.

It would take far too long to discuss which of the methods
of Part II, or of others not described here, is most suitable

for each of these applications ;
but attention should be drawn

once more to the methods described on pages 158 and 159,
and the priming method of page 162, which are peculiarly

appropriate for the operation of relays when detection is to

be associated with control.

* B. H. Miiller and H. M. Partridge, 2nd. andEng. Cheni., xx, 423 (1928).
See also Journ. Sci. Insk., vi, 74 (1929).

f It may bs useful to record that if methyl orange is the indicator, Wratten
filter, No. 35, is appropriate.

14 (5619) 12



INDEX
ABSORPTION

calibration of, 192, 193
defined, 190
detection of, 199
measurement of, 117, 144, 190-

196
of photographic plate, 194, 195
spectra, 195

Accuracy
defined, 100
in electrostatic methods, 109

118, 129
in null methods, 101, 102, 112, 115
in photometry, 168, 169, 170
in valve methods, 142

Addition of photoelectric effects,
18, 174

Alarms, 147, 200
Alkali Metals

See also under the various metals
emission of, 28-37, 44, 46, 47, 50,

51

high resistances, 6, 127
miscellaneous, 4, 12, 17, 91, 95

Alternating current

amplification of, 149-153
for anode supply, 146, 154, 160
generation of, 153, 154

Alternating light method, 105, 153,
168, 169, 188, 191

Amber, 124-125
Amplification
by gas-discharge tube, 147
by ionization. See Magnification
by valves. See Valve Amplifica-

tion
Anode of photoelectric cell-

current from, 6, 154
form of, 8

relative size of, 9
Arc discharge, in cell, 63, 64, 76

as lamp, 48, 184, 191
Argon, 55, 58, 92, 96
Automatic control, 98, 131, 144,

158, 180, 201
records, 7, 109, 153, 157, 171, 179,

191

BACKLASH, 144, 145, 148

Balancing methods, 39, 104

Barium, as photoelectric cathode,

4, 41

Batteries, irregularity of, 103, 138,

141, 142

Biologies! uses of photoelectric
cells, 156

Black body, 8

cells. See Cells

Bracketing, 171, 191

Bridge, amplifier, 140-142
Wheatstone, 101-103, 140

Bronson resistance, 128

CADIMUM, as photoelectric cathode,

13, 17, 41, 46, 48, 95, 182, 183
Caesium. See also Alkali Metals

cell, 36, 37, 41, 49, 50, 91, 92
on silver oxide, cell, 34, 36, 37,

41, 42, 44, 46, 47, 51, 94. See
also Thin. Film

Calibration, 109, 113, 114, 122, 142,

168, 170, 173, 174, 192, 193
Candle power, 45

Capacity. See Condenser

Caps, for cells, 91

Carbon, filament, 120, 124

resistance, 127, 128
Cathode of photoelectric cell

area of, 7, 45
emission from. See Emission
internal and external, 4, 5, 6, 38,

39, 91

relative size, 9

not uniform, 67, 93, 166, 168, 177

Cells, photoelectric
annular, 7, 8

balancing of, 104, 170
black body, 8, 23, 24, 91

capped, 91

choice of, 2, 90-94
combinations of, 51, 166, 183, 187
combined with valve, 136, 137,
as condenser, 155
cost of, 94

cylindrical, 5, 7, 9

design of, 2-10, 74, 93
with filters, 51, 166, 183, 187

gas-filled. See Gas-filled Cell

as grid leak, 155

making, 4, 94-96, 176

202
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Cells, photoelectric (contd.)

matching, 104

plane. See Plane Cell

as resistance, 128

testing, 76, 94
size of, 7, 9, 52, 58, 68, 93, 179,

197

spherical. See Spherical Cell

thin film. See Thin Films
three electrode, 154

typos of, 3-7
for ultra-violet light, 6, 41, 46, 48,

92, 183
not uniform, 67, 93, 166, 167, 168,

177
vacuum. See Vacuum Cell

variation of similar, 24, 31, 32,

42, 96, 166 /

window of 3-8, 41; 45, 46, 95
Characteristic

conductivity, 77, 78, 110, 115

glow, 81, 82

Townsond, 81, 82, 83
valvo. Soo Valve Thermionic

Characteristic, Voltage, of cell, 52-
55, 58-00, 64-68, 69-76, 80, 81,
93

and distribution, 67
and frequency, 67
and illumination, 64-67

limiting curve of, 66, 69, 71, 74,
81

and pressure, 58-60, 73
and typo of coll, 74, 93

Clocks, control of, 199
Clock stars, 200

Collisions, ionizing. See lonization
Colour

correction, 166, 167, 173
and intensity, 49, 188, 189

matching, 180, 187
measurement of, 153, 185, 188

temperature, 186
and wave-length, 14-16, 185, 186

Commutator, 105, 100, 113, 154, 169

Comparison, 97-102, 112, 140, 148
OoiviT-ri-nl^o1

".--

hy'ivll v..l:,i.^. 104, 193
commutator method, 105, 106,

113, 154, 169
drift in, 39
induction method, 114,- 126, 142,

170, 177, 178
measurement by, 39, 103-106,

117, 176, 192
ohmic resistance method, 103,

113, 126, 142, 143

Compensation (contd.}
photoelectric cell method, 104

113, 117, 142, 148, 170, 186
Condenser

cell as, 155
for electrometer, 108, 110, 126
as high resistance, 128
for intermittent currents, 81, 85

87, 8, 159, 160
for valve circuit, 132, 146, 149

150, 151, 152

Conductivity
characteristic, 77, 78, 110, 115
of insulation, 108, 110, 112, 134

159

photo-, 1, 20
Constant time method, 109-112, 121

voltage method, 109-111, 121
124

Contacts, electrical, 106
Control, automatic, 98, 131, 144,

158, 180, 201
Corona discharge, 63, 75, 87, 176
Cosmic rays, 14

Coulommeter, 156
." : ,

p~

' ,83, 84
illumination, constant voltage,

67, 73, 74, 93
intermittent current, 83-87, 88,

89, 158, 159, 160
Current

critical. See Critical Current
dark, 63, 71, 73, 75, 76, 85, 93,

159, 176

limiter, 79-83, 85, 159, 160

photoelectric. See also Emission
Characteristic, Voltage

and illumination. See Propor-
tionality

independence of, 18

intermittent. See Intermittent
Current

measurement of. See Measure-
ment of Current

and temperature, 19, 20, 90

saturation, 52-54, 59, 60, 69, 71,

79, 80, 91, 96, 115-117

DARK current, 63, 71, 73, 75, 76, 85,

93, 159, 176

Data photoelectric, characteristic,

68, 69, 61, 62, 65, 70, 71, 72, 75,

82, 167

emission, 2, 13, 24, 29, 32, 33, 36,

36, 38, 39, 40, 41-51, 71,. 108,

175, 182,183 _: ,. -..
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Data photoelectric, miscellaneous,
7, 63, 76, 78, 84, 88, 89, 93,

94, 115, 116, 117, 150, 151,
159, 161, 175

precision of, 43

Daylight. See Sunlight
Detection, 97-101, 144, 148, 158,

160, 162
Detector valve, 137

Diffusing light, 167, 187, 194
Diode, thermionic. See Current

Limiter

Discharge
arc, 63, 64, 76

corona, 63, 75, 87, 176

glow. See Glow Discharge
intermittent. See Intermittent

Current
Distortion, 149, 150, 131, 197

Disturbances, high frequency, 137,
138, 197

Dosage, therapeutic, 181-183, 184
Dust detection, 201

EFFECTIVE emission, 91, 92, 192 .

Efficiency, 21

luminous, 50
Electric field, 2, 9, 52, 54, 56, 57, 60,

91, 93

Electrolyte, photoelectric effect in,
20

as resistance, 127, 128

Electrolytic measurement of cur-

rent, 156
Electrometer

case of, 107, 120

circuit, 119

Compton, 121, 129, 175

Dolezalek, 121

fibre, 129, 171, 176

gold leaf, 107, 118, 119, 122
Hoffmann, 123. 129, 175
leaf of, 107, 118, 119, 120, 122

Lindemann, 122, 129, 176

sensitivity, 118, 119, 121, 123
switches for 121, 125, 126
thermal lagging of, 120

Thomson, 118

ticking, 118, 123, 124, 129, 156, 1S4
tungsten wire, 120, 121

types of, 118-124
quadrant, 118, 121, 122, 129

Electrons
emission of, 13, 14, 17, 18, 54.

See also Emission,

energy of 12, 13, 14, 55, 56, 57
free, 12

Electroscope. See Electrometer
Electrostatic measurements, 103,

107, 176, 178

accuracy of, 109-118, 129
automatic registration in, 109,

171, 191
ballistic method, 122

compared with valve amplifica-
tion, 143-144

constant time method, 109-112,
121

constant voltage method, 109-
111, 121, 124

insulation in, 108, 110, 112, 124,
125

null methods, 112-118, 122, 126,
170, 186

precision of, 111, 112, 124,
129

rate of deflection method, 122

sensitivity of, 108-118, 129, 171

steady deflection method, 112,
113, 122, 126, 191, 194

summary of, 129

theory of, 107-112

Emission, photoelectric

amp. per lumen, 43, 44

amp. per watt, 22, 43, 46,
178

changes in, 37-40, 42, 63, 77, 92,
176

coulomb per erg, 22
data, 41-51. See also Data,

Photoelectric

definition, 21-24
effective, 91, 92, 193
for gas-filled lamp, 43, 44
and gas film, 30-34
for homogeneous light, 45, 46
and incidence of light, 23, 27
maxima, selective, 28, 31, 34, 36,

47

maximum, theoretical, 25, 26
mean, 49
and metal, 4, 28, 29, 35-37
and metal film, 34-37
normal, 27, 28

selective, 27, 28, 30, 31, 34, 36,
47

and temperature, 19, 20, 90
for thermal radiation, 49-51
for ultra-violet light, 26, 28, 46

48

variability of, 24, 31, 42, 67, '90

96, 170
and wave-length, 4, 25-28
for white light, 43-45
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Emission curve, 26, 28, 29, 31, 32,

35, 36, 39, 50
and erythema curve, 182-184
and visibility curve, 49-51, 165,

180
thermionic. See Thermionic
Emission

Energy, measured in volts, 12, 55
Error, 100, 101, 111, 167

Erythema cxirve, 182-184

Eye. See Vision

FATIGUE. See Emission, Changes
in.

Fibres, electrometer, 119-121
Filament

for electrometer, 119-121
valve, 138, 139

Filling gases, 55, 62, 02, 93, 96
Film. See Gas-, Thin- Film
Filters, light, 47, 49, 51, 166, 183,

187, 189, 195, 201
First law of photoelectricity, 10, 21

Flashing neon lamp, 83, 156

Foot-candle, 45
Free path, 57, 58

GALVANOMETER
in compensation methods, 105

sensitivity, 130

spot, detection, of, 200
thermo, 200

Gas-dischargo tubo, 61, 83, 147, 151,
156, 178, 197

grid controlled, 147
Gas-filled Coll--

in balance methods, 104
characteristic of, 58-60, 04-68,

69-76, 80, 81, 93. Soo also

Characteristic, Voltage
data for. See Data, Photoelectric

gases for 55, 92, 96
as Geigor eomitor, 158

glow, potential of. Soo Glow
Potential

irregularities of, 40, 77, 172

pressure in, 57-63
time lag in, 150, 151
and vacuum cell, 2, 9, 55, 90, 104,

114-118, 142, 150, 157, 170, 172
Gas-filled lamp. Soe also Lamps,

incandescent
emission for, 43, 44

Gas films, 30-34, 38

Gauze, as absorber, 193, 194

Goiger counter, 158

I4A -(3619)

Glass

absorption, optical, 46
electrolysis of, 95, 125
as high resistance, 127
for photoelectric coll, 94

Glow characteristic, 81, 82
Glow discharge

effect on emission, 38-40, 76, 77
theory, 60-63

Glow potential, 61, 63-66, 71, 73,
74, 80, 93. See also Stopping
Potential

and characteristic, 69-73
and gas pressure, 61, 62, 93, 96
and illumination, 64, 71, 74, 156,

157, 179

minimum, 61, 66, 73, 74

variability of, 63

Goldberg wodgo, 193
Gold, leaf, 119, 120

" '

.. . '36, 138, 142, 172
conductance, 133

leak, 120, 127, 134, 152, 155
Guard ring, 7, 9.1, 126,

HEAT radiation, 8, 14

Helium, 55, 92, 96

High frequency disturbances, 137,
138

Homogeneous Hght, '15, 46, 195
Hue, 188

Hydrogen
as filling, 92
sonaitizniion by, 34, 06

Hysteresis, electric, 124, 120

(strict; sonso)
measurement of, 71, 8(i, 110, 115,

140, 153, 179
Illumination (looao souse

)

changes duo to, 38
and characteristic, 64-68, 69-76
critical. Soo Critical Illumina-

tion.
.-,...

"
_.

'.. ; ,

curroirfc. geo
I'' ! ,. -

'

"
". !'"

, '', >'

vory small, Soo Sensitive Photo-
electric methods

Indicators, chemical, 47, 188
Infra-rod radiation, 14, 47, 195, 200
Insulation, 7, 69, 112, 145, 159, 160

of colla, 6, 7, 35, 91, 134

conductivity of, 108, .110, 112,
134, 159
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Insulation, in electrostatic measure-
ments, 108, 110, 112, 124,
125

testing of, 125
Intermittent current

critical current for, 83, 84
critical illumination for, 83-87,

88, 89, 158, 159, 160
at large illuminations, 159

. period of, 87, 88, 89, 161
at small illuminations, 158, 159

theory of, 80-83
use of, 93, 155, 158-162

Incandescent lamp. See Lamps,
Incandescent

Inverse square law, 166, 173, 193
lonization by collision, 2, 9, 38, 55-

58, 60, 68, 128, 150

magnification by. See Magnifica-
tion

chamber, 56

potential, 55, 56, 58

KOCH resistance, 128, 191, 194

, incandescent, 22, 43, 45, 49,

165, 187, 188, 190

photometry of, 117, 164-174
Lamps, neon, 61, 83, 147, 151, 197

flashing, S3, 166
Law

inverse square, 166, 173, 193
of photoelectricity, 16, 18, 19, 21,

69, 174
Leaf. See Electrometer
Leak. See Insulation.

zero, 125

Lenses, use of, 7, 45
Level indicator, 200

Light. See also Illumination,
Radiation, Colour, Sunlight

diffused, 7, 45, 67

distribution, 67, 68

fluctuating, 148, 149, 151

frequency, 67

homogeneous, 45, 46, 195
incident and absorbed, 18, 22, 23
nature of, 14, 15

polarized, 27, 165, 193

quantity of, 18, 21, 102

reflected, 8, 18, 23, 188

transmitted, 188
ultra-violet. See Ultra-violet

Light
visible, 4, 14, 17, 24, 27, 31, 41,

48, 56, 90, 165

white, 41, 43, 92

Limiting curve, 66, 69, 71, 74, 81

Lithium, 95, 183. See also Alkali

metals

Lumen, 45
Luminous efficiency, 50
Luminous flux

and colour, 49, 173

measurement of, 164-178

Lux, 45

MAGNIFICATION
by ionization, 2, 9, 38, 56-60, 62,

63, 64, 71, 73, 78, 91, 92, 93

maximum, 65, 71, 91, 92

by valves. See Valve Amplifica-
tion

Matt surfaces, 23, 24, 27

Measurement, 97-102, 140, 148

speed of, 110

Measurement of current

compensation methods, 39, 103-

106, 117, 176, 192. See also

Compensation
electrolytic, 156

electromagnetic methods, 130.

See also Valve Amplification
electrostatic methods. See Elec-

trostatic Measurement
error in, 109

photoelectric, 103
small currents, 143

Mercury arc, 48, 184

rectifier, 147
Metal film. See Thin Film
Metals, preparation of, 4, 95

Methyl orange, 188
Metre candle, 45

Microphotometer, 194

Mirror, revolving. See Alternating
Light Method.

Modulation, 155

NEON, 55, 96

lamps, 61, 83, 147, 151, 197

flashing, 83, 156
Nicol prism, 27, 192, 193

Nitrogen, 58, 96
Normal emission, 27, 192, 193
Null Methods-

accuracy of, 101, 102, 112, 115
colour matching, 186

by compensation, 103-106, 117,
176, 191. See also Compensa-
tion

electromagnetic, 130, 142

electrostatic, 112-118, 122, 126,
170, 176, 186



INDEX 207

Null Methods (contd.)

principles of, 101, 102

sensitivity of, 101, 112, 113, 114,
115

OPTICAL bench, 192

PALLADIUM tube, 92, 96

Partially reflecting plate, 192

Phosphorescence, 37, 178

Phot, 45

Photoconductivity, 1, 20
Photoelectric effect, 1, 20

data. See Data Photoelectric

first law of, 16, 21

history of, 10

second law of, 19, 21, 69-76

theory, 11-20

Photographic plate, density of, 1 94,

195

shutter, 180

Photometry, photoelectric, 1G4 178

accuracy of, 168, 1C9, 170

by alternating light, 168, 191.

See also Alternating Light
Method

calibration in, 168, 170, 173, 174

colour correction in, 166, 107, 173

by commutator method, 169

by compensation method, 170

by direct reading method, 171

lamp, 117, 164-174

precision of 166, 167, 171-174,

187, 188

routine, 172

stellar, 1.17, 175-177, 194

by visual methods, 165-1.69

Photometry
flicker, .1.66

photographic, 177

visual, 49, 51, 164, 165

Photovoltaic effect, 20

Picture telegraphy, 8, 151, 152, 155,

198

Piezoelectricity, 125

Planck's function, 43, 186

Plane cells (== Type B)
and spherical cells, 3, 9, 52, 54,

74-76, 86, 91, 93, 128, 157, 102

characteristic of 52, 53, 64-68, 69-

73, 81. See also Characteristic,

Voltage
intermittent currents, 83-86, 159-

162

Platinum, work function of, 12, 13

Polarimetry, 196

Polarization, light, 27, 165, 193

Positive ions, 38, 55, 56, 60, 66, 67,

68, 144, 145
Potassium. See also Alkali Metals

on copper, cell, 35, 36, 37, 41, 44,

46, 47, 50, 51, 92

sensitized, cell, 31, 32, 33, 58, 59,

90, 91, 92, 176, 187

unsensitized, cell, 33, 77

Power, of radiation, 21, 22, 23
Precision

calibration, 173

definition, 100
of electrostatic measurements,

111, 112, 124, 129
in photometry, 166, 167, 171-174,

187, 188

Priming, 162

Projected area, measurement of,

196

Projection, optical, 119, 120

Proportionality (light and current),
1, 8, 17-19, 22, 171-173, 197,
199

in gas-filled coll, 69-78, 93
test for, 194
in vacuum cell, 69

Protective resistance, 64, 76, 77,

104, 120, 121, 130

Pyromotry, 178, 187, 188

QUANTUM
theory, 14-16

voltage, 16, 56

Quartz
fibres, 119, 120, 122

as insulator, 124, 125

resistances, 127

windows, 6, 8, 41, 46, 95

RADIATION, 14

power of, 21, 22, 23
'1-

-

T r----. 17. ">" 184

.1! .

'

. 155

Rate of deflection method, 122

Rating of lamps, 104

Recombination, 56, 01

Relay, mechanical
in detection, 160
slow acting, 162

typos of, 131, 161

Resistance

compensation by, 102, 113, 126,

142, 143
as current limiter, 79

high, 113, 126, 127, 128

protective, 64, 76, 77, 104, 120,

121, 130
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Reversed photoelectric current, 6,

154

Rotating disc, 153, 192
Rubidium. See also Alkali Metals

cell, 41, 91, 187

SATURATION current, 52-54, 59,

60, 69, 71, 79, 80, 91, 96, 115-
117

Second law of photoelectricity, 18,

19, 21, 69, 174
Selective emission, 27, 28, 30, 31,

34, 36, 47

Selenium, 1, 8, 20
Sensitive photoelectric methods,

143, 144, 175, 176, 197

Sensitivity
denned, 21, 99
of electrometer, 118, 119, 121,

123
in electrostatic methods, 108-119,

129, 171
and emission, 21, 118
of galvanometer, 130
ideal and effective, 100, 117. 135,

143
in intermittent current methods,

159
limit, 99

relative, 101, 111, 115
in valve methods, 137, 139, 140,

142, 143

Sensitization, 30, 32, 33, 34, 96

Shielding, 125, 126, 137, 138, 184
Shutter

graduated, 169, 170, 173, 174,
192, 193

interrupting, 105, 153

photographic, 180

Signalling, 47, 200
Silver, as photoelectric cathode, 46,

48, 183

Silvering, 94

Similarity, geometrical, 58
Smoke detection, 201
Sodium. See also Alkali Meta]s

cell, 41, 46, 91, 92, 187

Sorting, 199

Space charge, 52, 54, 60, 67

Spectra
continuous and discontinuous,

14, 16, 25
measurement of, 177, 178, 194,

195

Sphere
diffusing, 167, 194

photometric, 165, 167, 168

Spherical cells ( Type A)
characteristic of, 52, 53, 58-60,

74-76. See also Characteristic,

Voltage
effective emission of, 91, 92
intermittent currents in, 86, 87,

89, 158

optical properties of, 8, 23, 24,
91

and plane cells, 3, 9, 52, 54, 74-

76, 86, 91, 93, 128, 157, 162
for small illuminations, 75, 158

Stars
colour index of, 186

photometry of, 117, 175-177, 194

variable, 175

Steady deflection method, 112, 113,

122, 126, 191, 194

Stopping potential, 63, 66, 73, 76,

81, 93. See also Glow Potential,
characteristic at, 72, 73

Street lighting, 180

Strontium, as photoelectric cathode,
4, 41

Sulphur, as insulator, 124, 125

Sunlight
artificial, 180
emission for, 44
measurement of, 7, 179-180
submarine, 180

Surface brightness, 165

Switches, earthing, 125, 126

Systematic error
;

100. See also

Accuracy

TALBOT'S law, 193

Talking films, 9, 151, 152, 198

Telephone exchange, 200
Television, 7, 152, 196

Temperature
of luminous source, 50, 51
measurement of, 178, 186, 187,

188

and photoelectric emission, 19,

20, 90
and thermionic emission, 13

Testing
cells, 76, 94

insulation, 125
for proportionality, 194

Therapy, radiation, 47, 180-184
Thermionic emission, 19, 22

irregularity of, 138 139

theory of, 13
Thermionic valve. See Valve Ther-

mionic

Thermopile, 190, 194, 200
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Thin films-
cells, 90, 92, 172, 187, 195

conductivity of, 4, 35, 91, 127

emission of, 4, 34-37, 41, 44, 40,

47

Threshold, 13, 16, 20, 25, 28, 30,

31, 34

Thyratron, 147

Time lag, 148-151

Titration, chemical, 47, 188, 189,

195, 201
Transformer (in photoelectric cir-

cuit), 105, 132, 161

Triode

gas discharge, 147

photoelectric, 154
thermionic. See Valve Therm-

ionic

Tungsten
arc, 184
radiation properties of, 43

wire electrometer, 120, 121

ULBKTCHT sphere, 165, 167, 168

Ultra-violet light-
colls for, 6, 41, 46, 48, 92, 183

omission for, 26, 28, 46, 48

nature of, 14

sourcoB of, 48, 183

VACUUM colls

in balance method, 104

characteristic of, 52-55, 67, 69

and gas-filled colls, 2, 9, 55, 90,

104, 114-118, 142- 150, 1,51,

170, 172
insulation of, 91

regularity of, 38, 90, 172

time lag, in, 148

Valve amplification, 2, 131-155,

170, 184
A.C. and D.C., 132, 140

. c
i

j 2
'

,.1.40, 141, 172, 178
' '

=4

distortion in 149, 150, 151, 197

instability of, 147

irregularity in, 106, 137-140

magnification by, 132-134, 136,

146
merits of, 143

multi-stage, 139
.

'

null method, 142, 143
"

V- '..

;

Valve amplification (contd.)
-

principles A.C., 149-151

D.C., 131-137
resistance coupled, 151, 152

sensitivity of, 137, 139, 140, 142,
143

supplied from mains, 145, 146
Valve thermionic

anodo voltage for, 136, 141, 145
backlash in, 144, 145, 148

characteristic, 52, 133-136
combined with photoelectric cell,

136, 137
as current limiter. Soe Current

Lit niter

detector, 137
diode. Soe Current Liraitor

filament, 138, 139
four electrode, 136

grid conductance, 133
mutual conductance, 133, 136
screened grid, 136

typos of, 134, 136

Velocity of electrons, 17, 54, 138

Visibility curvo, 22, 49-51, 165, 167,

173, 180

Vision, 15, 22, 164, 198

Voltage
adjustment in photoelectric coll,

76, 77, 104, 193

supply, 145, 146, 154. See also

Batteries

Voltago characteristic. See Char-

acteristic, Voltage

WAVK length
and omission, 4, 2528
and quality of light, 1.4-16, 185,

186

Waxes
as cements, 95
as itiHulators, 124, 125

White light, 41, 43, 44, 92

Window, of coll, 3-8, 41, 45, 46, 95

Wollaston wire, 119, 120

Work function, 12, 13, 18, 55

X-RA.YS, 14, 17, 26, 5<>, 184

YABN diameter, 196

'Zi
is; '''.'.
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CHEMISTRY, HIGHER TEST PAPERS IN. By the same Author.
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DISPENSING FOR PHARMACEUTICAL STUDENTS. By F. J. Dyer

and J. W. Cooper. Second Edition . . . .76
ELECTRICITY AND MAGNETISM, FIRST BOOK OF. By W. Perren

Maycock, M.I.E.E. Fourth Edition 60
MAGNETISM AND ELECTRICITY, HIGHER TEST PAPERS IN. By

P. J. Lancelot Smith, M.A 30
MAGNETISM AND ELECTRICITY, QUESTIONS AND SOLUTIONS IN.

Solutions by W. J. White, M.I.E.E 50
ENGINEERING PRINCIPLES, ELEMENTARY. By G. E. Hall, B.Sc. 2 6
ENGINEERING SCIENCE, A PRIMER OF. By Ewart S. Andrews,

B.Sc. (Eng.). Complete Edition 36
Part I. FIRST STEPS IN APPLIED MECHANICS . . .26

PHARMACY, A COURSE OF PRACTICAL. By J. W. Cooper, Ph.D.,
and F. N. Appleyard, B.Sc., F.I.C., Ph.C. (In the Press)

PHYSICAL SCIENCE, PRIMARY. By W. R. Bower, B.Sc. . .50
PHYSICS, EXPERIMENTAL. By A. Cowling. With Arithmetical

Answers to the Problems 19
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F.C.S. Second Edition ..... . .'36

VOLUMETRIC WORK, A COURSE OF. By E. Clark, B.Sc. . '.46
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ENGINEERING MATERIALS. Volume I. By A. W. Judge, Wh.Sc.,
A.R.C.S....... (In the Press)

ENGINEERING WORKSHOP EXERCISES. By Ernest Pull,
A.M.I.Mech.E., M.I.Mar.E. Second Edition, Revised. .' 3 6

FILES AND FILING. By Ch. Fremont. Translated into English
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FITTING, THE PRINCIPLES OF. By J. Horner, A.M.I.M.E. Fifth

Edition, Revised and Enlarged . . . . .76
IRONFOUNDING, PRACTICAL. By J. Horner, A.M.I.M.E. Fourth
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IRON ROLLS, THE MANUFACTURE OF CHILLED. By A. Allison . 8 6
METAL TURNING. By J. Horner, A.M.I.M.E. Fourth Edition,

Revised and Enlarged . . . . . . .60
METAL WORK, PRACTICAL SHEET AND PLATE. By E. A. Atkins,

A.M.I.M.E. Third Edition, Revised and Enlarged . .76
METALLURGY OF CAST IRON. By J. E. Hurst . . 15
PATTERN MAKING, THE PRINCIPLES OF. By J. Horner,

A.M.I.M.E. Fifth Edition ...... 40
PIPE AND TUBE BENDING AND JOINTING. By S. P. Marks,

M.S.I.A.......... 60
PYROMETERS. By E. Griffiths, D.Sc...... 76
STEEL WORKS ANALYSIS. By J. O. Arnold, F.R.S., and F.

Ibbotson. Fourth Edition, thoroughly revised . . 12 6
TURRET LATHE TOOLS, How TO LAY OUT. Second Edition . 6

WELDING, ELECTRIC. By L. B. Wilson. . . . .50
WELDING, ELECTRIC ARC AND OXY-ACETYLENE. By . A.
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WORKSHOP GAUGES AND MEASURING APPLIANCES. By L. Burn,
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MINERALOGY AND MINING
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COAL CARBONIZATION. By John Roberts, D.I.C., M.I.Min.E.,
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COLLIERY ELECTRICAL ENGINEERING. By G. M. Harvey.
Second Edition . . . . . . . 15

COMPRESSED AIR POWER. By A. W. Daw and Z. W. Daw . 21
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Educator
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Watson, A.R.S.M 86
MINE VENTILATION AND LIGHTING. By C. D. Mottram,

B.Sc 86
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WMtaker, Ph.D. (Eng.), B.Sc. 3 F.I. C., M.I.Min.E.. . 8 6
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F.G.S., M.LMin.E 86

MINING MACHINERY. By T. Bryson, A.R.T.C., M.I.Min.E. 12 6
WINNING AND WORKING. By Prof. Ira C. F. Statham,

B.Eng., F.G.S., M.I.Min.E 21
MINING EDUCATOR, THE. Edited by J. Roberts, D.I.C.,
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MINING SCIENCE, A JUNIOR COURSE IN. By Henry G. Bishop. 2 6
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REINFORCED CONCRETE, DETAIL DESIGN IN. By Ewart S.
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REINFORCED CONCRETE. By W. Noble Twelvetrees, M.I.M.E.,

A.M.I.E.E 21
REINFORCED CONCRETE MEMBERS, SIMPLIFIED METHODS OF
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F.S.I 50
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APPLIED TO BUILDINGS. By Banister F. Fletcher,
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A.M.I.M.E. Second Edition 15

STRENGTH OF MATERIALS. By F. V. Warnock, Ph.D., B.Sc.
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THEORY OF MACHINES. By Louis Toft, M.Sc.Tech., and A. T. J.
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PILOT'S
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AMATEUR CINEMATOGRAPHY. By Capt. O. Wheeler, F.R.P.S. . 6

APPLIED OPTICS. Volume I. By L. C. Martin, D.I.C., A.R.C.S.
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PHOTOGRAPHY AS A BUSINESS. By A. G.Willis . . .50
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(In the Press)

ASTRONOMY
ASTRONOMY, PICTORIAL. By G. F. Chambers, F.R.A.S.. . 2 6
ASTRONOMY FOR EVERYBODY. By Professor Simon Newcomb,

LL.D. With, an Introduction by Sir Robert Ball . .50
GREAT ASTRONOMERS. By Sir Robert Ball, D.Sc., LL.D., F.R.S. 5

HIGH HEAVENS, IN THE. By Sir Robert Ball . . .50
ROTATION OF THE EARTH, PLANETS, ETC., THE CAUSE OF THE.

By Samuel Shields 10 6
STARRY REALMS, IN. By Sir Robert Ball, D.Sc., LL.D., F.R.S. 5

ILLUMINATING ENGINEERING
MODERN ILLUMINANTS AND ILLUMINATING ENGINEERING. By

Leon Gaster and J. S. Dow. Second Edition, Revised and

Enlarged 25

ELECTRIC LIGHTING IN FACTORIES AND WORKSHOPS. By Leon
Gaster and J. S. Dow - 6

ELECTRIC LIGHTING IN THE HOME. By Leon Gaster . .
- 6

MOTOR ENGINEERING
AUTOMOBILE AND AIRCRAFT ENGINES. By A. W. Judge,

A.R.C.S., A.M.I.A.E 30
CARBURETTOR HANDBOOK, THE. By E. W. Knott, A.M.I.A.E.. 10 6
COIL IGNITION FOR MOTOR-CARS. By C. Sylvester, A.M.I.E.E.,

A.M.I.Mech.E 10 6
GAS AND OIL ENGINE OPERATION. By J. Okill, M.I.A.E.. . 5
GAS ENGINE TROUBLES AND INSTALLATION, WITH TROUBLE

CHART. By John B. Rathbun, M.E 26
GAS, OIL, AND PETROL ENGINES. By A. Garrard, Wh.Ex. . 6
MAGNETO AND ELECTRIC IGNITION. By W. Hibbert, A.M.I.E.E. 3 6
MOTOR TRUCK AND AUTOMOBILE MOTORS AND MECHANISM. By

T. H. Russell, A.M., M.E., with numerous Revisions and
Extensions by John Rathbun . , . . .26

THORNYCROFT, THE BOOK OF THE. By
"
Auriga

"
. .26

MOTOR-CYCLIST'S LIBRARY, THE. Each volume in this series

deals with a particular type of motor-cycle from the point
of view of the owner-driver ..... Each 2

A.J.S., THE BOOK OF THE. By W. C. Haycraft. Second
Edition

ARIEL, THE BOOK OF THE. By G. S. Davison. Second
Edition

B.S.A., THE BOOK OF THE. By
"
Waysider." Third

Edition
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DOUGLAS, THE BOOK OF THE. By E. W. Knott. Second
Edition

IMPERIAL, BOOK OF THE NEW. By F. J. Camm
MOTOR-CYCLING FOR WOMEN. By Betty and Nancy
Debenham. With a Foreword by Major H. R. Watling

P. AND M., THE BOOK OF THE. By W. C. Haycraft.
RALEIGH HANDBOOK, THE. By

"
Mentor." Second

Edition
ROYAL ENFIELD, THE BOOK OF THE. By R. E. Ryder
RUDGE, THE BOOK OF THE. By L. H. Cade
TRIUMPH, THE BOOK OF THE. By E. T. Brown
VILLIERS ENGINE, BOOK OF THE. By C. Grange.

MOTORISTS' LIBRARY, THE. Each volume in this series deals

with a particular make of motor-car from the point of view
of the owner-driver. The functions of the various parts of

the car are described in non-technical language, and driving
repairs, legal aspects, insurance, touring, equipment, etc., all

receive attention
AUSTIN TWELVE, THE BOOK OF THE. By B. Garbutt and

R. Twelvetrees. Illustrated by H. M. Bateman. Second
Edition . 50

SINGER JUNIOR, BOOK OF THE. By G. S. Davison. . 2 6
STANDARD CAR, THE BOOK OF THE. By

"
Pioneer

"
. 6

CLYNO CAR, THE BOOK OF THE. By E. T. Brown . .36
MOTORIST'S ELECTRICAL GUIDE, THE. By A. H. Avery,

A.M.I.E.E (In the Press}

ELECTRICAL ENGINEERING, ETC.
ACCUMULATOR CHARGING, MAINTENANCE, AND REPAIR. By

W. S. Ibbetson 36
ACCUMULATORS, MANAGEMENT OF. By Sir D. Salomons, Bart.

Tenth Edition, Revised 76
ALTERNATING CURRENT BRIDGE METHODS OF ELECTRICAL

MEASUREMENT. By B. Hague, B.Sc. . . . 15

ALTERNATING CURRENT CIRCUIT. By Philip Kemp, M.I.E.E.. 2 6

ALTERNATING CURRENT MACHINERY, DESIGN OF. By J. R.

Barr, A.M.I.E.E., and R. D. Archibald, B.Sc., A.M.I.C.E.,
A.M.I.E.E 30

ALTERNATING CURRENT MACHINERY, PAPERS ON THE DESIGN
OF. By C. C. Hawkins, M.A., M.I.E.E., S. P. Smith, D.Sc.,

M.I.E.E., and S. Neville, B.Sc 21

ALTERNATING CURRENT POWER MEASUREMENT. By G. F. Tagg 3 6

ALTERNATING CURRENT WORK. By W. Perren Maycock,
M.I.E.E. Second Edition 10 6

ALTERNATING CURRENTS, THE THEORY AND PRACTICE OF. By
A. T. Dover, M.I.E.E. Second Edition . . . . 18

ARMATURE WINDING, PRACTICAL DIRECT CURRENT. By L.

Wollison 76
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CABLES, HIGH VOLTAGE. By P. Dunsheath, O.B.E., M.A., B.Sc.,
M.I.E.E 10 6

CONTINUOUS CURRENT DYNAMO DESIGN, ELEMENTARY PRIN-
CIPLES OF. By H.M. Hobart, M.I.C.E.,M.I.M.E.,M.A.I.E.E. 10 6

CONTINUOUS CURRENT MOTORS AND CONTROL APPARATUS. By
W. Perren Maycock, M.I.E.E 76

DEFINITIONS AND FORMULAE FOR STUDENTS ELECTRICAL. By
P. Kemp, M.Sc., M.I.E.E --6

DIRECT CURRENT ELECTRICAL ENGINEERING, ELEMENTS OF.

By H. F. Trewman, M.A., and C. E. Condliffe, B.Sc. . .50
DIRECT CURRENT ELECTRICAL ENGINEERING, PRINCIPLES OF.

By James R. Barr, A.M.I.E.E 15

DIRECT CURRENT DYNAMO AND MOTOR FAULTS . By R.M. Archer 7 6
DIRECT CURRENT MACHINES, PERFORMANCE AND DESIGN OF.

By A. E. Clayton, D.Sc., M.I.E.E 16

DYNAMO, THE: ITS THEORY, DESIGN, AND MANUFACTURE. By
C. C. Hawkins, M.A., M.I.E.E. In three volumes. Sixth
Edition
Volume I . . . . . . . . 21

II 15

,,111 30

DYNAMO, How TO MANAGE THE. By A. E. Bottone. Sixth

Edition, Revised and Enlarged . . . . .20
ELECTRIC BELLS AND ALL ABOUT THEM. By S. R. Bottone.

Eighth. Edition, thoroughly revised by C. Sylvester,
A.M.I.E.E 36

ELECTRIC CIRCUIT THEORY AND CALCULATIONS. By W. Perren
Maycock, M.I.E.E. Third Edition, Revised by Philip Kemp,
M.Sc., M.I.E.E., A.A.I.E.E 10 6

ELECTRIC LIGHT FITTING, PRACTICAL. By F. C. Allsop. Tenth
Edition, Revised and Enlarged 76

ELECTRIC LIGHTING AND POWER DISTRIBUTION. By W. Perren

Maycock, M.I.E.E. Ninth Edition, thoroughly Revised and
Enlarged

Vol. 1 10 6
Vol. II 10 6

ELECTRIC MACHINES, THEORY AND DESIGN OF. By F. Greedy,
M.I.E.E., A.C.G.1 30

ELECTRIC MOTORS AND CONTROL SYSTEMS. By A. T. Dover,
M.I.E.E., A.Amer.I.E.E . 15

ELECTRIC MOTORS (DIRECT CURRENT) : THEIR THEORY AND
CONSTRUCTION. By H. M. Hobart, M.I.E.E., M.Inst.C.E.,
M.Amer.I.E.E. Third Edition, thoroughly Revised . . 15

ELECTRIC MOTORS (POLYPHASE) : THEIR THEORY AND CON-
STRUCTION. By H. M. Hobart, M.Inst.C.E., M.I.E.E.,
M.Amer.I.E.E. Third Edition, thoroughly Revised . . 15

ELECTRIC MOTORS FOR CONTINUOUS AND ALTERNATING CUR-
RENTS, A SMALL BOOK ON. ByW. Perren Maycock, M.I.E.E. 6

ELECTRIC TRACTION. By A. T. Dover, M.I.E.E., Assoc.Amer.
I.E.E. Second Edition . . . . . . . 25
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ELECTRIC TRACTION AND POWER DISTRIBUTION, EXAMPLES IN.

(In the Press)
ELECTRIC WIRING DIAGRAMS. By 'W. Perren Maycock,

M.I.E.E 50
ELECTRIC WIRING, FITTINGS, SWITCHES, AND LAMPS. By W.

Perren Maycock, M.I.E.E. Sixth Edition. Revised by
Philip Kemp, M.Sc., M.I.E.E 10 6

ELECTRIC WIRING OF BUILDINGS. By F, C. Raphael, M.I.E.E.

(In the Press)
ELECTRIC WIRING TABLES. By W. Perren Maycock, M.I.E.E.,

and F. C. Raphael, M.I.E.E. Fifth Edition . . .36
ELECTRICAL CONDENSERS. By Philip R. Coursey, B.Sc.,

F.Inst.P., A.M.I.E.E 37 6

ELECTRICAL EDUCATOR. By J. A. Fleming, M.A., D.Sc., F.R.S.
In two volumes . . . . . . . . 63

ELECTRICAL ENGINEERING, CLASSIFIED EXAMPLES IN. By S.

Gordon Monk, B.Sc. (Eng.), A.M.I.E.E. In two parts
Vol. I. DIRECT CURRENT . . . . . .26
Vol. II. ALTERNATING CURRENT . . . . .36

ELECTRICAL ENGINEERING, ELEMENTARY. By O, R. Randall,
Ph.D., B.Sc., Wh.Ex 50

ELECTRICAL ENGINEER'S POCKET BOOK, WHITTAKER'S. Origi-
nated by Kenelm Edgcumbo, M.I.E.E., A.M.I.C.E. Sixth
Edition. Edited by R. E. Neale, B.Sc. (Hons.). . . 10 6

ELECTRICAL INSTRUMENTS IN THEORY AND PRACTICE. By
W. H. F. Murdoch, B.Sc., and U. A. Oschwald, BA. . 12 6

ELECTRICAL INSTRUMENT MAKING FOR AMATEURS. By S. R.
Bottone. Ninth Edition. . . . . . .60

ELECTRICAL INSULATING MATERIALS. By A. Monkhouse, Junr.,

M.I.E.E., A.M.I.Mech.E 21

ELECTRICAL GUIDES, HAWKINS'. Each book in pocket size . 5

1. ELECTRICITY, MAGNETISM, INDUCTION, EXPERIMENTS,
DYNAMOS, ARMATURES, WINDINGS

2. MANAGEMENT OF DYNAMOS, MOTORS, INSTRUMENTS,
TESTING

3. WIRING AND DISTRIBUTION SYSTEMS, STORAGE BATTERIES
4. ALTERNATING CURRENTS AND ALTERNATORS
5. A.C. MOTORS, TRANSFORMERS, CONVERTERS, RECTIFIERS
6. A.C. SYSTEMS, CIRCUIT BREAKERS, MEASURING INSTRU-

MENTS
7. A.C. WIRING, POWER STATIONS, TELEPHONE WORK
8. TELEGRAPH, WIRELESS, BELLS, LIGHTING
9. RAILWAYS, MOTION PICTURES, AUTOMOBILES, IGNI-

TION
10. MODERN APPLICATIONS OF ELECTRICITY. REFERENCE

INDEX
ELECTRICAL MACHINES, PRACTICAL TESTING OF. By L. Oulton,

A.M.I.E.E., and N. J. Wilson, M.I.E.E. Second Edition . 6

ELECTRICAL TECHNOLOGY. By H. Cotton, M.B.E., M.Sc.,

A.M.I.E.E 12 6
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ELECTRICAL TERMS, A DICTIONARY OF. By S. R. Roget, M.A.,

A.M.Inst.C.E., A.M.I.E.E 76
ELECTRICAL TRANSMISSION AND DISTRIBUTION. Edited by

R. O. Kapp, B.Sc. In eight volumes. Vols. I to VII, each 6

Vol. VIII 30
ELECTRO-MOTORS : How MADE AND How USED. By S. R.

Bottone. Seventh Edition. Revised by C. Sylvester,
A.M.I.E.E 46

ELECTRO-TECHNICS, ELEMENTS OF. By A. P. Young, O.B.E.,
M.I.E.E 50

ENGINEERING EDUCATOR, PITMAN'S. Edited by W. J. Kearton,

M.Eng., A.M.I.Mech.E., A.M.Inst.N.A. In three volumes. 63

INDUCTION COILS. By G. E. Bonney. Fifth Edition, thoroughly
Revised .... ..... 6

INDUCTION COIL, THEORY OF THE. By E. Taylor-Jones, D.Sc.,
F.Inst.P 12 6

INDUCTION MOTOR, THE. By H. Vickers, Ph.D., M.Eng. . 21

KINEMATOGRAPHY PROJECTION: A GUIDE TO. By Colin H.

Bennett, F.C.S., F.R.P.S 10 6
MERCURY-ARC RECTIFIERS AND MERCURY-VAPOUR LAMPS . By

J. A. Fleming, M.A., D.Sc., F.R.S 60
OSCILLOGRAPHS. By J. T. Irwin, M.I.E.E 76
POWER STATION EFFICIENCY CONTROL. By John Bruce,

A.M.I.E.E 12 6

POWER WIRING DIAGRAMS. By A. T. Dover, M.I.E.E., A.Amer.
I.E.E. Second Edition, Revised 60

PRACTICAL PRIMARY CELLS ." By A. Mortimer Codd, F.Ph.S. . 5

RAILWAY ELECTRIFICATION. By H. F. Trewman, A.M.I.E.E. 21
STEAM TURBO-ALTERNATOR, THE. By L. C. Grant, A.M.I.E.E. 15

STORAGE BATTERIES : THEORY, MANUFACTURE, CARE, AND
APPLICATION. ByM. Arendt, E.E 18

STORAGE BATTERY PRACTICE. By R. Rankin, B.Sc., M.I.E.E.. 7 6
TRANSFORMERS FOR SINGLE AND MULTIPHASE CURRENTS. By

Dr. Gisbert Kapp, M.Inst.C.E., M.I.E.E. Third Edition,
Revised by R. O. Kapp, B.Sc. 15

TELEGRAPHY, TELEPHONY, AND WIRELESS
ALL EUROPE "

THREE," THE. By R. Balbi, A.M.I.E.E.,
A.C.G.I - 6

AUTOMATIC BRANCH EXCHANGES, PRIVATE. By R. T. A.
Dennison . . . . . . . 12 6

BAUDdT PRINTING TELEGRAPH SYSTEM. By H. W. Pendry.
Second Edition ........ 6

CABLE AND WIRELESS COMMUNICATIONS OF THE WORLD, THE.

By F. J. Brown, C.B., C.B.E., M.A., B.Sc. (Lond.) . .76
CRYSTAL AND ONE-VALVE CIRCUITS, SUCCESSFUL. By J. H.

Watkins 36
LOUD SPEAKERS. By C. M. R. Balbi, with a Foreword by Pro-

fessor G. W. 0. Howe, D.Sc., M.I.E.E., A.M.I.E.E., A.C.G.I. 3 6
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RADIO COMMUNICATION, MODERN. By J. H. Reyner. Second
Edition ......... 5

TELEGRAPHY. By T. E. Herbert, M.I.E.E. Fourth Edition . 18

TELEGRAPHY, ELEMENTARY. By H. W. Pendry. Second
Edition, Revised ........ 7 6

TELEPHONE HANDBOOK AND GUIDE TO THE TELEPHONIC
EXCHANGE, PRACTICAL. By Joseph Poole, A.M.I.E.E.

(Wh.Sc.). Seventh Edition 18
TELEPHONY. By T. E. Herbert, M.I.E.E 18
TELEPHONY SIMPLIFIED, AUTOMATIC. By C. W. Brown,

A.M.I.E.E., Engineer-in-Chief's Department, G.P.O., London 6

TELEPHONY, THE CALL INDICATOR SYSTEM IN AUTOMATIC. By
A. G. Freestone, of the Automatic Training School, G.P.O.,
London ....... .60

TELEPHONY, THE DIRECTOR SYSTEM OF AUTOMATIC. By W. E.

Hudson, B.Sc. Hons. (London), Whit.Sch., A.C.G.I. . .50
PHOTOELECTRIC CELLS. By Dr. N. I. Campbell and Dorothy

Ritchie ...... (In the Press)
WIRELESS MANUAL, THE. By Capt. J. Frost. Second Edition 5

WIRELESS TELEGRAPHY AND TELEPHONY, INTRODUCTION TO.

By Prof. J. A. Fleming 36
MATHEMATICS AND CALCULATIONS

FOR ENGINEERS
ALGEBRA, COMMON-SENSE, FOR JUNIORS. By F. F. Potter, M.A.,

B.Sc., and J. W. Rogers, M.Sc 30
With Answers . ....... 3 6

ALGEBRA, TEST PAPERS IN. By A. E. Doukiu, M.A. . .20
With Answers . ....... 2 6
With Answers and Points Essential to Answers . .36

ALTERNATING CURRENTS, ARITHMETIC OF. By E. H. Crapper,
M.I.E.E .46

CALCULUS FOR ENGINEERING STUDENTS. By John Stoney,
B.Sc., A.M.I.Min.E 36

DEFINITIONS AND FORMULAE FOR STUDENTS PRACTICAL
MATHEMATICS. By L. Toft, M.Sc. . . . .

- 6
ELECTRICAL ENGINEERING, WHITTAKER'S ARITHMETIC OF.

Third Edition, Revised and Enlarged . . . .36
ELECTRICAL MEASURING INSTRUMENTS, COMMERCIAL. By R, M,

Archer, B.Sc. (Lond.), A.R.C.Sc., MJ.E.E. . . . 10 6

GEOMETRY, ELEMENTS OF PRACTICAL PLANE. By P. W. Scott 2 6
Also in Two Parts ...... Each 1

GEOMETRY, TEST PAPERS IN. By W. E. Paterson, M.A., B.Sc. 2

Points Essential to Answers, Is. In one book. . .30
GRAPHIC STATICS, ELEMENTARY. By J.T.Wight, A.M.I.Mech.E. 5

KILOGRAMS INTO AVOIRDUPOIS, TABLE FOR THE CONVERSION OF.

Compiled by Redvers Elder. On paper . . . .10
LOGARITHMS FOR BEGINNERS. By C. N. Pickworth, Wh.Sc.

Fourth Edition 16
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LOGARITHMS, FIVE FIGURE, AND TRIGONOMETRICAL FUNCTIONS.

By W. E. Dommett, A.M.I.A.E., and H. C. Hird, A.F.Ae.S.

(Reprinted from Mathematical Tables] . . . .10
MATHEMATICAL TABLES. By W. E. Dommett, A.M.I.A.E., and

H. C. Hird, A.F.Ae.S 46
MATHEMATICS AND DRAWING, PRACTICAL. By Dalton Grange. 2 6

With. Answers .... .... 3

MATHEMATICS, ENGINEERING, APPLICATION OF. By W. C.

Bickley, M.Sc 50
MATHEMATICS, EXPERIMENTAL. By G. R. Vine, B.Sc.

Book I, with. Answers . . .... 1 4

Book II, with. Answers . . . . . . .14
MATHEMATICS FOR ENGINEERS, PRELIMINARY. By W. S.

Ibbetson, B.Sc., A.M.I.E.E. . . (In the Press)
MATHEMATICS FOR TECHNICAL STUDENTS. By G. E. Hall . 5

MATHEMATICS, INDUSTRIAL (PRELIMINARY), By G. W. String-
fellow 20
With Answers ... . .... 2 6

MATHEMATICS, INTRODUCTORY. By J. E. Rowe, Ph.D. . 10 6
MEASURING AND MANURING LAND, AND THATCHERS' WORK,

TABLES FOR. By J. Cullyer. Twentieth Impression . .30
MECHANICAL TABLES. By J. Foden . . . . .20
MECHANICAL ENGINEERING DETAIL TABLES. By John P.

Ross 76
METALWORKER'S PRACTICAL CALCULATOR, THE. By J.Matheson 2
METRIC AND BRITISH SYSTEM OF WEIGHTS, MEASURES, AND

COINAGE. By F. Mollwo Perkin . . . . .36
METRIC CONVERSION TABLES. By W. E. Dommett, A.M.I.A.E. 1

METRIC LENGTHS TO FEET AND INCHES, TABLE FOR THE CON-
VERSION OF. Compiled by Redvers Elder
On paper ......... 1

On cloth, varnished . . . . . . .20
MINING MATHEMATICS (PRELIMINARY). By George W. String-

fellow . . .16
With Answers ........ 2

QUANTITIES AND QUANTITY TAKING. By W. E. Davis. Sixth
Edition 60

REINFORCED CONCRETE MEMBERS, SIMPLIFIED METHODS OF
CALCULATING. By W. N. Twelvetrees, M.I.M.E., A.M.I.E.E.
Second Edition, Revised and Enlarged . . . .50

RUSSIAN WEIGHTS AND MEASURES, WITH THEIR BRITISH AND
METRIC EQUIVALENTS, TABLES OF. By Redvers Elder . 2 6

SLIDE RULE, THE. By C. N. Pickworth, Wh.Sc. Seventeenth
Edition, Revised ........ 3 6

SLIDE RULE: ITS OPERATIONS
; AND DIGIT RULES, THE. By A.

Lovat Higgins, A.M.Inst.C.E. - 6
STEEL'S TABLES. Compiled by Joseph Steel . . . .36
TELEGRAPHY AND TELEPHONY, ARITHMETIC OF. By T. E.

Herbert, A.M.I.E.E., and R. G. de Wardt . . .50
TEXTILE CALCULATIONS. By J, H. Whitwam, B.Sc. . . 25
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TRIGONOMETRY FOR ENGINEERS, A PRIMER OF. By W. G.

Dunkley, B.Sc. (Hons.) 50
TRIGONOMETRY FOR NAVIGATING OFFICERS. By W. Percy

Winter, B.Sc. (Hons.), Lond... 10 6
TRIGONOMETRY, PRACTICAL. By Henry Adams, M.I.C.E.,

M.I.M.E., F.S.I. Third Edition, Revised and Enlarged . 5

VENTILATION, PUMPING, AND HAULAGE, MATHEMATICS OF. By
F. Birks ".50

WORKSHOP ARITHMETIC, FIRST STEPS IN. By H. P. Green . 1

MISCELLANEOUS TECHNICAL BOOKS
BREWING AND MALTING. By J. Ross Mackenzie, F.C.S., F.R.M.S.

Second Edition 86
CERAMIC INDUSTRIES POCKET BOOK. By A. B. Searle . .86
ENGINEERING ECONOMICS. By T. H. Burnham, B.Sc. (Hons.),

B.Com., A.M.I.Mech.E. 10 6
ENGINEERING INQUIRIES, DATA FOR. By J. C. Connan, B.Sc.,

A.M.I.E.E., O.B.E 12 6
ESTIMATING. By T. H. Hargrave 76
GLUE AND GELATINE. By P. I. Smith . . . . .86
LIGHTNING CONDUCTORS AND LIGHTNING GUARDS. By Sir

Oliver J. Lodge, F.R.S., LL.D., D.Sc., M.I.E.E. . . 15

Music ENGRAVING AND PRINTING. By Wm. Gamble . .210
PETROLEUM. By Albert Lidgett, Editor of the

"
Petroleum

Times." Third Edition 50
PRINTING. By H. A. Maddox 50
REFRACTORIES FOR FURNACES, CRUCIBLES, ETC. By A. B. Searle 5

REFRIGERATION, MECHANICAL. By Hal Williams, M.I.Mech.E.,

M.I.E.E., M.I.Struct.E 20

SEED TESTING. By J. Stewart Remington . . . 10 6

STORES ACCOUNTS AND STORES CONTROL, By J. H. Burton . 5

TECHNICAL DICTIONARY OF ENGINEERING AND INDUSTRIAL
SCIENCE IN SEVEN LANGUAGES : ENGLISH, FRENCH, SPANISH,

ITALIAN, PORTUGUESE, RUSSIAN, AND GERMAN. Compiled
by Ernest Slater, M.I.E.E., M.I.Mech.E., in collaboration

with leading authorities. Complete in four volumes . ./8 8

PITMAN'S TECHNICAL PRIMERS
Each in foolscap 8vo, cloth, about 120 pp., illustrated . .26

In each book of the series the fundamental principles of

some subdivision of technology are treated in a practical

manner, providing the student with a handy survey of the

particular branch of technology with which he is concerned.

They should prove invaluable to the busy practical man who
has not the time for more elaborate treatises.

ABRASIVE MATERIALS. By A. B. Searle.

A.C. PROTECTIVE SYSTEMS AND GEARS . By J. Henderson, B.Sc.,

M.C., and C. W. Marshall, B.Sc., A.M.I.E.E.
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BELTS FOR POWER TRANSMISSION. By W. G. Dunkley, B.Sc.

(Rons.)-
BOILER INSPECTION AND MAINTENANCE. By R. Clayton.
CAPSTAN AND AUTOMATIC LATHES. By Philip Gates.

CENTRAL STATIONS, MODERN. By C. W. Marshall, B.Sc.,

A.M.I.E.E.
COAL CUTTING MACHINERY, LONGWALL. By G. F. F. Eagar,

M.LMin.E.
CONTINUOUS CURRENT ARMATURE WINDING. By F. M. Denton,

A.C.G.I., A.Amer.I.E.E.
CONTINUOUS CURRENT MACHINES, THE TESTING OF. By Charles

F. Smith, D.Sc., M.I.E.E., A.M.I.C.E.
COTTON SPINNING MACHINERY AND ITS USES. By Win. Scott

Taggart, M.I.Mech.E.
DIESEL ENGINE, THE. By A. Orton.
DROP FORGING AND DROP STAMPING. By H. Hayes.
ELECTRIC CABLES. By F. W. Main, A.M.I.E.E.
ELECTRIC CRANES AND HAULING MACHINES. By F. E. Chilton,

A.M.I.E.E.
ELECTRIC FURNACE, THE. By Frank J. Moffett, B.A., M.I.E.E.,

M.Cons.E.
ELECTRIC MOTORS, SMALL. By E. T. Painton, B.Sc., A.M.I.E.E.
ELECTRIC POWER SYSTEMS . By Capt. W. T. Taylor, M.Inst.C.E.

M.I.Mech.E.
ELECTRICAL INSULATION. By W. S. Flight, A.M.I.E.E.
ELECTRICAL TRANSMISSION OF ENERGY. By W. M. Thornton,

O.B.E., D.Sc., M.I.E.E.
ELECTRICITY IN AGRICULTURE. By A. H. Allen, M.I.E.E.
ELECTRICITY IN STEEL WORKS. By Wm. McFarlane, B.Sc.
ELECTRIFICATION OF RAILWAYS, THE. By H. F. Trewman, M.A.
ELECTRO-DEPOSITION OF COPPER, THE. And its Industrial

Applications. By Claude W. Denny, A.M.I.E.E.

EXPLOSIVES, MANUFACTURE AND USES OF. By R. C. Farmer,
O.B.E., D.Sc., Ph.D.

FILTRATION. By T. R. WoUaston,.M.I.Mech.E.
FOUNDRYWORK. By Ben Shaw and James Edgar.
GRINDING MACHINES AND THEIR USES. By Thos. R. Shaw,

M.LMech.E.
HOUSE DECORATIONS AND REPAIRS. By Wm. Prebble.

HYDRO-ELECTRIC DEVELOPMENT. By J. W. Meares, F.R.A.S.,
M.Inst.C.E., M.I.E.E., M.Am.LE.E.

ILLUMINATING ENGINEERING, THE ELEMENTS OF. By A. P.

Trotter, M.I.E.E.
INDUSTRIAL AND POWER ALCOHOL. By R. C. Farmer, O.B.E.,

D.Sc., Ph.D., F.I.C.

INDUSTRIAL ELECTRIC HEATING. ByJ. W.Beauchamp, M.I.E.E.
INDUSTRIAL MOTOR CONTROL. By A. T. Dover, M.I.E.E.
INDUSTRIAL NITROGEN. By P. H. S. Kempton, B.Sc. (Hons.),

A.R.C.Sc.
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LUBRICANTS AND LUBRICATION. By J. H. Hyde.
MECHANICAL HANDLING OF GOODS, THE. By C. H. Woodfield,

M.I.Mech.E.
MECHANICAL STOKING. By D. Brownlie, B.Sc., A.M.I.M.E.

(Double volume, price 5s. net.)
METALLURGY OF IRON AND STEEL. Based on Notes by Sir

Robert Hadfield.

MUNICIPAL ENGINEERING, By H. Percy Boulnois, M.Inst.C.E.,
F.R.San.Inst., F.Inst.S.E.

OILS, PIGMENTS, PAINTS, AND VARNISHES. By R. H. Truelove.
PATTERNMAKING. By Ben Shaw and James Edgar.
PETROL CARS AND LORRIES, By F. Heap.
PHOTOGRAPHIC TECHNIQUE. By L. J. Hibbert, F.R.P.S.
PNEUMATIC CONVEYING. By E. G. Phillips, M.I.E.E.,

A.M.I.Mech.E.
POWER FACTOR CORRECTION. By A. E. Clayton, B.Sc. (Eng.)

Lond., A.K.C., A.M.I.E.E.
RADIOACTIVITY AND RADIOACTIVE SUBSTANCES. By J.

Chadwick, M.Sc.
RAILWAY SIGNALLING : AUTOMATIC. By F. Raynar Wilson.
RAILWAY SIGNALLING : MECHANICAL. By F. Raynar Wilson.
SEWERS AND SEWERAGE. By H. Gilbert Whyatt, M.I.C.E.
SPARKING PLUGS. By A. P. Young and H. Warren.
STEAM ENGINE VALVES AND VALVE GEARS. By E. L. Akrons,

M.I.Mech.E., M.I.Loco.E.
STEAM LOCOMOTIVE, THE. By E. L. Ahrons, M.I.Mech.E.,

M.I.Loco.E.
STEAM LOCOMOTIVE CONSTRUCTION AND MAINTENANCE. By E.

L. Ahrons, M.I.Mech.E., M.I.Loco.E.

STEELS, SPECIAL. Based on Notes by Sir Robert Hadfield,
Bart. ; compiled by T. H. Burnham, B.Sc. (Double volume,

price 5s,)

STEELWORK, STRUCTURAL. By Win. H. Black.

STREETS, ROADS, AND PAVEMENTS. By H. Gilbert Whyatt,
M.Inst.C.E., M.R.San.I.

SWITCHBOARDS, HIGH TENSION. By Henry E. Poole, B.Sc.

(Hons.), Lond., A.C.G.I., A.M.I.E.E.

SWITCHGEAR, HIGH TENSION. By Henry E. Poole, B.Sc. (Hons.),

A.C.G.I., A.M.I.E.E.
SWITCHING AND SWITCHGEAR. By Henry E. Poole B.Sc. (Hons.),

A.C.G.I., A.M.I.E.E.

TELEPHONES, AUTOMATIC. By F. A. Ellson, B.Sc., A.M.I.E.E.

(Double volume, price 5s.)

TIDAL POWER. By A. M. A. Struben, O.B.E., A.M.Inst.C.E.

TOOL AND MACHINE SETTING. For Milling, Drilling, Tapping,

Boring, Grinding, and Press Work. By Philip Gates.

TOWN GAS MANUFACTURE. By Ralph Staley, M.C.

TRACTION MOTOR CONTROL. By A. T. Dover, M.I.E.E.
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TRANSFORMERS AND ALTERNATING CURRENT MACHINES, THE
TESTING OF. By Charles F. Smith, D.Sc., A.M.Inst.C.E.,
Wh.Sc.

TRANSFORMERS, HIGH VOLTAGE POWER. By Win. T. Taylor,
M.Inst.C.E., M.I.E.E.

TRANSFORMERS, SMALL SINGLE-PHASE. By Edgar T. Painton,
B.Sc. Eng. (Hons.) Lond., A.M.I.E.E.

WATER POWER ENGINEERING. By F. F. Fergusson,
A.M.Inst.C.E.

WIRELESS TELEGRAPHY, CONTINUOUS WAVE. By B. E. G.

Mittell, A.M.I.E.E.
WIRELESS TELEGRAPHY, DIRECTIVE. Direction and Position

Finding, etc. By L. H. Walter, M.A. (Cantab.), A.M.I.E.E.

X-RAYS, INDUSTRIAL APPLICATION OF. By P. H. S. Kempton,
B.Sc. (Hons.).

COMMON COMMODITIES AND
INDUSTRIES SERIES

Each book is crown 8vo, cloth, with many illustrations, etc. . 3
In each of the handbooks in this series a particular product
or industry is treated by an expert writer and practical man
of business.

ACIDS, ALKALIS, AND SALTS. By G. H. J. Adlam, M.A., B.Sc.,
F.C.S.

ALCOHOL IN COMMERCE AND INDUSTRY. By C. Simmonds,
O.B.E., B.Sc., F.I.C., F.C.S.

ALUMINIUM. Its Manufacture, Manipulation, and Marketing,
By George Mortimer, M.Inst.Met.

ANTHRACITE. By A. Leonard Summers.
ASBESTOS. By A. Leonard Summers.
BOOKBINDING CRAFT AND INDUSTRY, THE. By T. Harrison.
BOOKS : FROM THE MS. TO THE BOOKSELLER. By J. L. Young.
BOOT AND SHOE INDUSTRY, THE. By J. S. Harding.
BREAD AND BREAD BAKING. By John Stewart.

BRUSHMAKER, THE. By Win. KMdier.
BUTTER AND CHEESE. By C. W. Walker Tisdale, F.C.S., and

Jean Jones, B.D.F.D., N.DIX
BUTTON INDUSTRY, THE. By W. Unite Jones.
CARPETS. By Reginald S. Brinton.
CLAYS AND CLAY PRODUCTS. By Alfred B. Searle.

CLOCKS AND WATCHES. By G. L. Overton.
CLOTHS AND THE CLOTH TRADE. By J. A. Hunter.
CLOTHING INDUSTRY, THE. By B. W. Poole.
COAL. Its Origin, Method of Working, and Preparation for the

Market. By Francis H. Wilson, M.Inst.M.E.
COAL TAR. By A. R. Warnes, F.C.S., A.I.Mech.E.
COCOA AND CHOCOLATE INDUSTRY, THE. By A. W. Knapp,

B.Sc., F.I.C.
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COLD STORAGE AND ICE MAKING. By B. H. Springett.
CONCRETE AND REINFORCED CONCRETE. By W. Noble Twelve-

trees, M.I.M.E., A.M.I.E.E.

COPPER. From the Ore to the Metal. By H. K. Picard, M.Inst.
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CORDAGE AND CORDAGE HEMP AND FIBRES. By T. Woodhouse
and P. Kilgour.

CORN TRADE, THE BRITISH. By A. Barker.

COTTON. From the Raw Material to the Finished Product. By
R. J. Peake.

COTTON SPINNING. By A. S. Wade.
CYCLE INDUSTRY, THE. By W. Grew.
DRUGS IN COMMERCE. By J. Humphrey, Ph.C, F.J.I.

DYES AND THEIR APPLICATION TO TEXTILE FABRICS. By A. J.

Hall, B.Sc., F.I.C., F.C.S.

ELECTRIC LAMP INDUSTRY, THE. By G. Arncliffe Percival.

ELECTRICITY. By R. E. Neale, B.Sc. (Hons.).
ENGRAVING. By T. W. Lascelles.

EXPLOSIVES, MODERN. By S. I. Levy, B.A., B.Sc., F.I.C.

FERTILIZERS. By H. Cave.

FILM INDUSTRY, THE. By Davidson Boughey.
FISHING INDUSTRY, THE. By W. E. Gibbs, D.Sc.

FURNITURE. By H. E. Binstead. Second Edition.

FURS AND THE FUR TRADE. By J. C. Sachs.

GAS AND GAS MAKING. By W. H. Y. Webber, C.E.

GLASS AND GLASS MANUFACTURE. By P. Mason, Honours and

Medallist in Glass Manufacture.
GLOVES AND THE GLOVE TRADE. By B. E. Ellis.

GOLD. By Benjamin White.

GUMS AND RESINS. Their Occurrence, Properties, and Uses.

By Ernest J. Parry, B.Sc., F.I.C., F.C.S.

INCANDESCENT LIGHTING. By S. I. Levy, B.A., B.Sc., F.I.C.

INK. By C. Ainsworth Mitchell, M.A., F.I.C.

INTERNAL COMBUSTION ENGINES. By J. Okill, M.I.A.E.

IRON AND STEEL. Their Production and Manufacture. By C.

Hood.
IRONFOUNDING. By B. Whiteley.

JUTE INDUSTRY, THE. By T. Woodhouse and P. Kilgour.

KNITTED FABRICS. By John Chamberlain and James H.

Quitter.
LEAD. Including Lead Pigments. By J. A. Smythe, Ph.D.,D.Sc.

LEATHER. From the Raw Material to the Finished Product.

By K. J. Adcock.
LINEN. From, the Field to the Finished Product. By Alfred S.

Moore.
LOCKS AND LOCK MAKING. By F. J. Butter.

MATCH INDUSTRY, THE. By W. H. Dixon.

MEAT INDUSTRY, THE. By Walter Wood.
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MOTOR BOATS. By Major F. Strickland, M.I.A.E., M.I.M.E.
MOTOR INDUSTRY, THE. By Horace Wyatt, B.A.
NICKEL. By F. B. Howard White, B.A.
OIL POWER. By Sidney H. North, A.Inst.P.T.
OILS. Animal, Vegetable, Essential, and Mineral. By C.

Ainsworth Mitchell, M.A., F.I.C.
PAINTS AND VARNISHES. By A. S. Jennings, F.I.B.D.
PAPER. Its History, Sources, and Production. By Harry A.

Maddox, Silver Medallist Paper-making. Second Edition.

PATENT FUELS. By J. A. Greene and F. Mollwo Perkin, C.B.E.,

Ph.D., F.I.C.

PERFUMERY, RAW MATERIALS OF. By E. J. Parry, B.Sc.,

F.I.C., F.C.S.
PHOTOGRAPHY. By William Gamble, F.R.P.S.
PLATINUM METALS. By E. A. Smith, A.R.S.M., M.I.M.M,
PLAYER PIANO, THE. By D. Miller Wilson.
POTTERY. By C. J. Noke and H. J. Plant.
RICE. By C. E. Douglas, M.I.Mech.E.
RUBBER. Production and Utilization of the Raw Product.

By H. P. Stevens, M.A., Ph.D., F.I.C., and W. H. Stevens,

A.R.C.Sc., A.I.C.
SALT. By A. F. Calvert, F.C.S.
SHIPBUILDING AND THE SHIPBUILDING INDUSTRY. By J.

Mitchell, M.I.N.A.
SILK. Its Production and Manufacture. By Luther Hooper.
SILVER. By Benjamin White.
SOAP. Its Composition, Manufacture, and Properties. By

William H. Simmons, B.Sc. (Lond.), F.C.S.
SPONGES. By E. J. J. Cresswell.
STARCH and STARCH PRODUCTS. By H. A. Auden, D.Sc.,

F.C.S.
STONES AND QUARRIES. By J. Allen Howe, O.B.E., B.Sc.,

M.Inst. Min. and Met.
STRAW HATS. By H. Inwards.
SUGAR. Cane and Beet. By the late Geo. Martineau, C.B., and

Revised by F. C. Eastick, M.A. Fifth Edition.
SULPHUR AND THE SULPHUR INDUSTRY. By Harold A. Auden,

M.Sc., D.Sc., F.C.S.
TALKING MACHINES . By Ogilvie Mitchell.
TEA. From Grower to Consumer. By A. Ibbetson.

TELEGRAPHY, TELEPHONY, AND WIRELESS. By Joseph Poole,
A.M.I.E.E.

TEXTILE BLEACHING. By Alex. B. Steven, B.Sc. (Lond.), F.I.C.

TIMBER. From the Forest to Its Use in Commerce. By W.
Bullock. Second Edition.

TIN AND THE TIN INDUSTRY. By A. H. Mundey.
TOBACCO . From Grower to Smoker. By A. E. Tanner.
VELVET AND THE CORDUROY INDUSTRY. By J. Herbert Cooke.
WALLPAPER. By G. WHITELEY Ward.
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WEAVING. By W. P. Crankshaw.
WHEAT AND ITS PRODUCTS. By Andrew Millar.

WINE AND THE WINE TRADE. By Andre L. Simon.
WOOL. From the Raw Material to the Finished Product. By

J. A. Hunter.
WORSTED INDUSTRY. THE. ~By J. Dumville and S. Kershaw.

Second Edition.

ZINC AND ITS ALLOYS. By T. E. Lones, M.A., LL.D., B.Sc.

5. d.

3

Definitions and Formulae for Students

THIS series of booklets is intended to provide the engineering student

with all necessary definitions and formulae in a convenient form so

that lie may keep his memory unburdened.

The series consists of a number of booklets, each of about

32 pages, in demy 16mo. Price 6d. net each.

ELECTRICAL. By Philip Kemp, M.Sc., M.I.E.E.

HEAT ENGINES. By Arnold Rimmer, B.Eng.

APPLIED MECHANICS. By E. H. Lewitt, B.Sc., A.M.I.Mech.E.

PRACTICAL MATHEMATICS. By Louis Toft, M.Sc.

CHEMISTRY. By W. Gordon Carey, F.I.C.

BUILDING. By T. Corkhill, F.B.I.C.C., M.I.Struct.E., M.Coll.H.

AERONAUTICS. By John D. Frier, A.R.C.Sc., D.I.C.

PITMAN'S SHORTHAND
INVALUABLE TO ALL BUSINESS AND PROFESSIONAL MEN

The following Catalogues will he sent post free, on application

SCIENTIFIC AND TECHNICAL

EDUCATIONAL, COMMERCIAL, SHORTHAND, FOREIGN

LANGUAGES, AND ART

PRINTED IN GREAT BRITAIN AT THE PITMAN PRESS, BATH
(7878W)



PITMAN'S

TECHNICAL
DICTIONARY

OF

ENGINEERING and INDUSTRIAL
SCIENCE

IN SEVEN LANGUAGES
ENGLISH, FRENCH, SPANISH, ITALIAN,

PORTUGUESE, RUSSIAN, AND GERMAN

Edited by

ERNEST SLATER, M.I.E.E., M.I.Mech.E.
In Collaboration with Leading Authorities

THE Dictionary is arranged upon the basis of the English
version. This means that against every English term will

be found the equivalents in the six other languages, together
with such annotations as may be necessary to show the
exact use of the term in any or all of the languages.

" There is not the slightest doubt that this Dictionary will be the
essential and standard book of reference in its sphere. It has been
needed for years." Electrical Industries.

" The work should be of the greatest value to all who have to deal
with specifications, patents, catalogues, etc., for use in foreign trade."

Bankers' Magazine.
" The work covers extremely well the ground it sets out to cover,

and the inclusion of the Portuguese equivalents will be of real value
to those who have occasion to make technical translations for Portugal,
Brazil, or Portuguese East Africa." Nature.

Complete in four volumes. Crown 4to, buckram gilt, 8 8s. net.
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